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Supervisor’s Foreword

Until about a decade ago, star clusters were considered ‘simple’ stellar populations.
That is, it was generally agreed that all member stars in a given cluster formed at
approximately the same time from the same progenitor gas cloud. As a conse-
quence, all stars in a cluster were thought to have similar ages (within a few
hundred thousand years, that is, the difference in formation timescales between low-
and high-mass stars) and the same metallicity. Only the individual stellar masses
were thought to vary, but the community also agreed that this variation was fairly
well understood, given that the stellar initial mass function was thought to be
universal, at least in the local Universe.

Over the past decade, this situation has changed dramatically, with a key con-
sequence that star clusters can no longer be considered simple stellar populations.
Yet, at the same time, they are among the brightest stellar population components
and, as such, they are visible out to much greater distances than individual stars,
even the brightest, so that understanding the intricacies of star cluster composition
and their evolution is imperative for understanding stellar populations and the
evolution of galaxies as a whole.

Chengyuan Li’s Ph.D. thesis work collected in this book represents one of the
first systematic analyses of deviations from the simple stellar population approxi-
mation for massive, well-populated star clusters with ages of up to a few billion
years. In addition to a broad review of the subject suitable for non-experts, his work
presented here addresses the dynamical importance of the presence of significant
fractions of binary systems in the youngest star clusters, as well as their interaction
products—blue straggler stars—in the much older globular clusters that are ubiq-
uitous in most large spiral and elliptical galaxies.

At ages in excess of a few hundred million years, our interpretation of the
observational Hertzsprung—Russell diagrams of the nearest massive star clusters
becomes rather complicated. Suggestions put forward to explain the extended
main-sequence turn-off regions observed in the colour—-magnitude diagrams of such
intermediate-age clusters include the presence of stellar populations characterized
by a significant spread in age (> 300 million years) or metal abundance, or the
presence of a population of rapidly rotating stars. Rapidly rotating stars can retain
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hydrostatic equilibrium at lower temperatures than their equal-mass, non-rotating
counterparts, thus resulting in cooler stellar atmospheres and, hence, redder colours
in the colour-magnitude diagram for approximately the same luminosities.

Chengyuan Li set out to disentangle the effects of age/metallicity spreads and
stellar rotation using the innovative idea to focus on post-main-sequence evolu-
tionary stages, that is, clusters’ subgiant and red giant branches. He produced
ground-breaking results, leading to publication in Nature on two occasions, con-
cluding that an extended main-sequence turn-off does not necessarily imply the
presence of a significant age or metallicity spread. He showed conclusively that a
population of rapidly rotating stars could explain the observational results equally
well or even better.

His research also led to rather puzzling and as yet unexplained results, showing
the apparent presence of single-age younger stellar populations associated with a
number of intermediate-age clusters in the Milky Way’s nearest companion
galaxies, the Large and Small Magellanic Clouds. While this has led to vigorous
debate within the astronomical community, this result appears to have stood the test
of careful scrutiny. The implications of his work are exciting: we now understand
the formation and subsequent evolution of massive star clusters much better than
even a few years ago, yet many open questions remain. This, however, is the nature
of the pursuit of high-level science: new answers tend to raise even more follow-up
questions, and Chengyuan Li is now well placed to make his mark in this
fast-moving field!

Beijing, China Richard de Grijs
October 2016 Professor of Astrophysics



Preface

Scope

Almost all stars initially stayed in clustered environment, they formed from
following the turbulent structure. These structures will quickly collapse into bound
clusters within very short period. Current consensus of formations of star clusters
suggests that their star-forming processes should behave as a star burst mode: the
initially segregated protostars and the secondary protostars will lead the central
region of a cluster to be shielded from further gas accretion, they will quickly
dominate the cluster region and expel their surrounding gas through strong stellar
feedback, stoping the subsequent star formation. This is the simple stellar popu-
lation scenario, which means in a star cluster, all of its member stars should form in
the same era (therefore have the same age) and share similar helium abundance and
metallicity. However, the discoveries of stellar age spreads and chemical anomalies
of stellar populations in lots of massive clusters have made the notion of star
clusters as true samples of simple stellar populations had to face a serious challenge.
This book aims to introduce the stellar population properties of star clusters with
various ages. The history and progress of researches in this field as well as most
recent improvements, including observational results and related scenarios that
were proposed to explain the observations, are also present.

Content

This book consists of three parts: Part I contains the background knowledges of star
formation and evolution, as well as an introduction of current consensus of stellar
populations in star clusters. Part II covers the latest researches related to this topic,
including the observational results of young massive star clusters, 1-2 Gyr
intermediate-age star clusters as well as old globular clusters. The relevant scenarios
that proposed to explain the observations are also present. Part III gives a
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X Preface

comprehensive discussion based on all the observations and explanations: Where
do we stand in this field? How can we shed light on the stellar population problems
in the future? What is the impact on other astrophysical aspects once we improved
our understanding on this topic?

This book is mainly based on my Ph.D. thesis that was submitted to Peking
University of China in 2015, it also includes some of our subsequent researches and
reviews, as this active field really changes rapidly. Because of this, we cannot
guarantee that all the conclusions appearing in this book are exactly correct, we
suggest that readers inherit the knowledges of this book in a critical way.

Audience

This book is designed for junior researchers who are interested in stellar popula-
tions in star clusters. For those who are senior experts in this field, we hope this
book can serve as a reference for scientific discussions and debates. For readers who
want to get a quick start on this field, we encourage them to focus on Part I, Part III
and the main conclusions in Part II. The Chaps. 1 and 2 in Part I mainly focus on
the basic knowledges of star formation and evolution, readers who already have this
base level foundation can skip this part and directly enter the Part II, which
introduces our latest research results related to this field. Any comment about our
works in this book is welcome.

Acknowledgements
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F. Portegies Zwart at the Leiden Observatory, the Netherlands and Dr. Wuming
Yang at the Beijing Normal University, China, for sharing their data with us. I also
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in Star Clusters



Chapter 1
Stellar Evolution and Populations

1.1 The Early History of Researches on Star Clusters

Assume you live in the northern hemisphere. On a clear summer night, with no cloud
or light pollution from urban areas, you go outside and watch the sky, and you will
see stars fully distributed around the whole sky. If you stare at them long enough, you
will resolve that most of them seem associated with a stripe, which we call the Milky
Way (MW), the galaxy that we live in. At first glance, you may think stars are roughly
homogeneously distributed in the MW, with large ‘void’ regions between them like
the stars that in our solar neighborhood. But if you have a excellent vision or use a
small telescope, you will find that some stars seem to be distributed as clumps. Most
of these clumps are called ‘star clusters’ (SCs). The discovery of SCs can date back
to the Renaissance. Galileo Galilei, wrote “the galaxy is nothing else but a mass of
innumerable stars planted together in clusters.” in his treatise Sidereus Nuncius [1],
and it has been realized that the stars in a SC are physically related since 1767 [2].
Now people believe that clusters are the basic units for star formation [3]: almost all
stars form in clustered environments, most of them will dissipate into the galactic
field over time [4], This scenario seems to not only hold for our MW, but also for
other galaxies [4, 5]. Because of this, understanding stellar evolution in SCs and
the evolution of SCs themselves hence becomes important for understanding galaxy
evolution as a whole.

The number of stars that are contained in SC can be span from less than 10 to
several millions, and with the average age from extremely young (several million
years, Myr) to the cosmic age (more than 10 billion years, Gyr). SCs in the MW can
be classified as Open Clusters (OCs) and Globular Clusters (GCs). These two types
of SCs are very different in both configuration as well as their spatial distribution in
the Galaxy. OCs usually contain up to hundreds of stars, sometimes even only several
tens, like the Pleiades (see Fig.1.1). Since the observed ‘strip’ in the night sky is
just the disk structure of our MW, OCs are usually associated with the MW disk.
Since SCs often contains lots of stars, it hence becomes clearly difficult to define the
age of SCs. However, as the next section will introduce, stars in SCs are believed to

© Springer Nature Singapore Pte Ltd. 2017 3
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Fig. 1.1 The open cluster pleiades (messier 45). Credit: NASA (Roberto Colombari)

form in the same era, so it is often not a problem to set those stars’ average age as
the age of a SC. OCs are often very young, at least in the MW, with ages of several
Myr. Only a few rare exceptions can reach several Gyrs, like Messier 67 (M67) [6].
Compared to the GCs, whose age normally can reach the cosmic age (more than 10
billion years), the OCs were just born yesterday.

GCs may more deserve to be called ‘cluster’. They often contain more than 10,000
stars, some even reach millions of stars, and, almost all of them exhibit a spherical
appearance (see Messier 80 as an example in Fig. 1.2). Unlike the OCs, which are
often associated with the MW disk, GCs are often found in the Galactic halo, which is
a spheroidal structure that surround the disk. The Galactic GCs are the oldest objects
in the Universe, whose ages are often greater than 10 Gyr. This indicates that their
member stars should more or less belong to the earliest stellar generation. However,
it seems that the first stars (population III stars) still did not formed in these GCs [7].
Currently 158 GCs are known in the MW [8].

It is still unclear if GCs and OCs have the same origin. This is because, as the
OC evolve, most of its member stars will escape from SCs. This process is called
‘evaporation’ (for more details, see [9]). It was estimated that the typical number of
member stars for SCs that can survive to the cosmic age (>10 Gyr) should be at least
10° [10]. Clearly, rarely OCs can contain enough member stars to that reach this
number. Also the lack of intermediate-age SCs (with ages between ~1 and 10 Gyr)
in the MW makes investigation of the continues evolution of SCs difficult. Because
of this, the sample of extragalactic (like Large Magellanic Cloud, LMC) SCs, ideally
compensates this disadvantage.
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Fig. 1.2 The globular
cluster messier 80. Credit:
HST/NASA/ESA

Table 1.1 Comparison of fundamental parameters of Open Clusters (OC), Globular Clusters (GC),
and young massive clusters (YMC), credit: [10]

Cluster type Age [Gyr] Mass [Mp?] Central density | Metallicity® [Zo]
Mg pe]

ocC <0.3 <10? <103 ~1

GC >10 >10° >10° <1

YMC <0.1 <10* >10° >1

4The solar mass.
YThe mass fraction for element that heavier than helium, it has been normalized to the solar metal-
licity

There is another type of young massive clusters (YMCs), which is rare in the MW,
but common in some other galaxies. The YMCs are as young as OCs, but unlike the
OCs, they always contain large numbers of stars, hence they are as compact as GCs.
The basic features of OCs, YMCs and GCs, including their typical age, total mass,
metallicity (the mass fraction of elements that are heavier than helium (He), indicated
by “Z” [for sun, the latest Z~0.0152 [11]) and core density, are present in Table 1.1
(derived from [10]). Compared to OCs, the YMCs seem to prefer to be candidate of
‘young GCs’. Since they contain more stars than OCs and are compact, the probability
for them survive to the cosmic age is high. Figure 1.3 shows the configuration of the
YMC NGC1818.

In any case, SCs are the most important objects in a galaxy. It is important to
investigate their formation, interaction and evolution if one wants to understand
the fate of a galaxy as a whole. For a SC, its stellar populations contain the most
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Fig. 1.3 The young massive
cluster NGC1818. Credit:
HST/NASA/ESA

important information about its formation and evolution. The basic tool to study
the stellar populations in star clusters is the theory of star formation and evolution,
which has been well established in last century. Although today there are lots of
well-established stellar evolutionary models, in Part II, we will see that there are still
some physical parameters that will affect our understanding of the stellar populations
in a SC.

1.2 A Simple Introduction on Stellar Evolution

1.2.1 The Main Sequence

We begin our story on the “main sequence” (MS), i.e., stars have already formed,
continually burning their core hydrogen. Because the core region’s nuclear reactions
heat the whole star, its radiation pressure can balance the stellar self-gravity, the whole
star therefore reaches hydrostatic equilibrium. Such kind of star is called a MS star.
Most of the stars that we observe are MS stars, and they are quite simple, discovered
by Hertzsprung Ejnar and Russell Henry Norris [12, 13]. They first investigated
the relationship between the stellar luminosity and spectral types (now we call the
diagram of this relationship “Hertzsprung—Russell diagram (HRD)”, or equally,
the “Color-magnitude diagram” (CMD)). They found that most of the stars are located
in a stripe from blue-bright towards red-faint, and hence called them the MS stars.
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The main sequence is also a mass sequence, with the massive stars being the
brightest stars, while the less massive stars are relatively faint. The relationship
between the MS stars’ luminosity and mass can be approximately described as [14]:

L/Lo = 1.2(M/M)*", (0 < Myg < +7.5) (1.1)

or
L/Lo = 0.67(M/Mx)*", (+7.5 < Myy < +11) (1.2)

Here, L indicates the luminosity, and M is the stellar mass, the “©®” subscript indicates
values that correspond to the sun. My, is the bolometric magnitude, the magnitude
that take into account the stellar radiation over all wavelengths (in observation, we
only select a certain band to collect the radiation from stars over a given range of
wavelength). The relationship between bolometric magnitude and luminosity is:

L/Lg = 10Mbor=Miolg,) (1.3)

It is easy to find that the most massive stars are also the most luminous objects,
while the less massive stars also belong to the faintest sample. Hence for the MS
stars, we get a one-to-one relationship between their mass, luminosity and color: the
MS in fact describes a stellar sequence from massive, bright and blue to less
massive, faint and red. Another important conclusion is that the stellar radiation
is very close to black-body behavior. This is because the stellar atmosphere is very
opaque (so called optically thick). Photons radiating from the stellar core are hardly
transported to the surface. The black-body radiation would fit the “Wien displacement
law”, which describes the relationship between the typical color and temperature for

black-body radiation.
0.28978

Amax = ———— (em K1) (1.4)
T

where Apn,x indicates the wavelength placement of maximum radiation intensity,
and T is the corresponding temperature of the black-body. It is hence clear that
a black-body typically radiating in short-wavelengths should correspond to a high
temperature, and black-body radiation that seems red indicates a low temperature.
Since the MS stars is approximately radiate like a black-body, we hence connect

their color to their surface temperature.
In one sentence, the stars on the MS should harbor such features: the more massive,
the brighter, bluer, and hence with higher surface temperature; the less massive, the
fainter, redder, with lower surface temperature. Figure 1.4 illustrates this relationship.
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Fig. 1.4 An illustration of
the stellar
Hertzsprung—Russell
diagram. The strip that runs
across the whole diagram
indicates the main sequence.
The horizontal axis indicates
their surface temperature
(hence the color), the vertical
axis indicate their luminosity
relative to the sun (equal to
the magnitude). Credit: ESO
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1.2.2 The Turn-Off and Sub-giant Stage

Once stars have used all of their core hydrogen (all hydrogen has been transferred into
helium), it lacks nuclear reactions to balance its self-gravity, so that the star begins
to contract. It releases gravitational potential energy, which heats the surrounding
hydrogen shell of the core, at this stage, the shell begins burning, stops the contraction
and expands outwards. But the central temperature is still not high enough to trigger
helium burning, so in the mean time, the stellar core keeps contracting, becoming
denser and denser. Stars then enter the turn-off region, and evolve to the sub-giant
phase.

Stars evolving from turn-off to the sub-giant stage would experience very com-
plicated physical processes, since they expand in radius. From the well-known rela-
tionship between luminosity, temperature, and radius for a black-body, we get:

L =47R*c T4 (1.5)

where o 2 5.67 x 1078 Js~!m 2K ~* is the Stefan-Boltzman constant. From (1.5) we
get, if we keep the luminosity constant, the increase in radius would lead to a decrease
in temperature. Hence this indicates that the stars in expansion would become redder.
But of course, the energy released by the shell burning should not identical to that by
core burning when stars are on the MS. For most low-mass stars (M < 2.3M), their
turn-off stage would experience a significant luminosity increase, because the shell
burning lead to a increasing reaction rates, but changes little in color, while when star
goes into the sub-giant stage, their expansion becomes important, and at this stage
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it would vary more significant in color. From the view of the CMD, this means that
stars at this stage would go across from the left towards the right, a significant change
in their position along with color-axis. The sub-giant stage is a very short stage in the
context of the whole stellar evolution. Stars would quickly travel across the sub-giant
region and enter the red-giant stage. However, as we will see, the sub-giant stars are
very important to study stellar populations in SCs.

1.2.3 The Red-Giant Stage

The burning converts the hydrogen shell into a helium shell. The helium shell then
quenched and contracts towards the central core, and makes the core more and more
massive. In the mean time, the core keeps contracting and hence becomes denser.
The contraction of the more massive core again releases a larger amount of potential
energy, and enhance the rate of hydrogen burning in the shell [15]. At this stage,
almost the whole outer layer becomes convective. The convective shell soon pen-
etrates so deeply that ~70 % of the total mass is convective [16]. The star’s lumi-
nosity has a monotonic positive correlation to its helium core mass. At this stage,
the increased helium core would cause the stellar luminosity to increase by a factor
of 1000-10000. In the mean time, the helium core is so dense that the electrons in
the core are degenerate. The core become isothermal, releasing neutrino radiation,
and further cooling the core surrounding temperature. Also the shell keeps expand-
ing and decreasing the surface temperature. Hence a star would continually evolve
towards the red direction in the CMD (in Fig. 1.4 the red-giant stars are indicated as
“giant stars”). At this stage, the stellar radii would expand by several hundreds times
compare to their radii on the MS. Our sun in the red-giant phase would expand to
more than 1 astronomical unit (AU) in radius, swallow the orbit of the earth.

The behavior of the central isothermal, electron-degenerated helium core is very
complicated. The contraction of such a helium core would cause the core temperature
to vary, but this depend on the core mass. If the mass of the core less than the critical
mass M., (=0.45M), the contraction would not increase the core temperature.
But the burning shell would contribute additional materials to the core. If the star
is massive enough (~1.3M), the contraction would lead the core temperature to
increase. Once the central temperature is high enough (~108K), it would trigger core
helium burning. This process is extremely short (timescales of seconds or minutes),
called the “helium flash”. The helium flash is the end of the red-giant stage. All
these descriptions are only suit for relatively low-mass stars (M < 2.3Mg); more
massive stars would experience different physical processes and hence become more
complicated.

Figure 1.5 presents the theoretical stellar evolutionary track in the CMD for the
sun. A — B is the MS stage, from B — C, stars enter the turn-off region, but still
have central hydrogen burning, hence people also call this the main-sequence turn-
off (MSTO). C — D is the sub-giant stage, while D — E (the helium flash) is the
red-giant stage. Not all MS stars would experience all these stages, only stars that
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Fig. 1.5 The stellar
evolutionary track for the
sun, calculated by the
PGPUC model [17, 226]

log L/ Lg

log Teg

are initially massive enough to make a massive core can reach the helium flash. After
the helium flash, stars would still experience some post-red-giant stages, and some
of these stages are still poorly studied. To explore the content of this book, exploring
the stellar evolution to the red-giant stage is sufficient.

1.2.4 Stellar Age Versus Its Initial Mass

Stellar luminosity is monotonically positively correlated to its mass. Generally speak-
ing, their relationship can be described as:

L (M )y
L (M (1.6)
Lo Mg

where a is the coefficient and the index y depends on the mass range. There is a
good approximation for M < 0.43Mg, y = 2.3, while for 0.43Mq < M < 2M,
y = 4. Only for M > 20My, y = 1, and for all other cases, y > 1 [18, 19].
The luminosity is the result of nuclear fusion reactions from the stellar materials,
hence L ~ Mc* o« M (here is a coefficient because only parts of the materials
would participate in the nuclear reactions), where ¢ indicates the speed of light in
vacuum. Then the lifetime for a star should be the total mass of burning materials,
BM (0 < B < 1) divided by the burning rates, hence L. Then the lifetime for a star
should be:
BM M

TO(TO(W=M1_V (17)
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Fig. 1.6 Stellar lifetime (log 45
(t/Myr)) versus stellar initial

mass (Mg) based on analytic 4r--
model, the open circle
represents the sun.
Calculation based on the
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Since for most of the case, y > 1, we obtain a very important conclusion: the
more massive the star, the shorter its lifetime. The detailed relationship between
stellar lifetime and initial mass is complicated, which depends on the metallicity as
well. For their post-MS stages, this monotonic relationship would be broken, but
since stars stay most of their lifetime in the MS (>90%), thus for their whole life,
this tendency still holds. Figure 1.6 shows the relationship between stellar lifetime
versus their initial mass, with the solar metallicity of Z = 0.0152, based on the
analytic calculation, our sun will have a total lifetime of 10 Gyr.

1.3 Simple Stellar Populations

A simple stellar population (SSP), is an assumption that stars in SCs all originate
from a common molecular cloud, formed in the same era, and share similar ele-
ment composition—metallicity. It has been confirmed that their initial star forming
process should behave approximately as a single burst [20]. Such a star-forming burst
process is expected to quickly use all its progenitor gas in a molecular cloud [22].
Conceptually, SSPs are appealing. There is no exact SSP for any SC. Stars cannot
form at exactly the same time. In addition, the SC progenitor molecular cloud (GMC)
can spread from 5 to 200 parsecs (pc, 1 pc ~ 3.09 x 10'® m) [23]. The elemental
composition of such a giant cloud will also vary depending on the spatial position.
When we say a SC is a SSP, we mean their member stars’ age should span a very
narrow range, SCs whose typical age is significantly older than this time range can
be ideally treated as SSPs. This statement is just like the primary students in grade
6, whose ages should roughly span 11 to 12 years old: this 1 year age dispersion will
not affect the truth that they all belong to the same grade. The metallicity is always
spread across a very narrow range for SSPs. No literature has determined how tight
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this metallicity spread should be for typical SSPs SCs, because it seems that their
internal metallicity spread is smaller than the measurement uncertainty.

To test if the stellar composition in SCs resembles that of SSPs, the simplest and
most effective method is to investigate their CMDs. Because most stars are located
on the MS, and all of them are formed in the same era, which means that the massive
stars whose MS life is older than the bulk stars’ common age would have evolved
off the MS. If we put all the stars in an observed SC on the CMD,! one would
expect to observe a narrow MS, leaving a uniquely, well-defined “cut-off” region
on its bright-side. This is the MSTO region, the evolved-off stars may well populate
a narrow sub-giant-branch (SGB), red-giant-branch (RGB), some later stages like
horizontal-branch (HB). The faintest region like white-dwarf clump, may even just
disappear from the CMD due to its very low luminosity at the final stage.

1.3.1 Describing the Simple Stellar Population

In a theoretical CMD, stars of SSPs are located along an isochrone, An isochrone
is the line that connects SSP stars at different evolutionary stages at the same time.
An isochrone that ideally fits the CMD should well describe the MS, MSTO, SGB,
reach the bottom of the RGB, go across the RGB, for post-RGB stage, it should
also fit the red clump (RC, which is considered the metal-rich counterpart to the
horizontal branch). For stellar stages later than the helium flash, it should also fit the
HB. In physical reality, not every sample can harbor all of these features, since the
MS lifetime occupies a large fraction of the stellar whole life, in a given observation,
the best populated sequence is the MS. Only samples that contain enough stars
would display other features, for almost all young SCs, the most massive stars evolve
so quickly that even a well-defined MSTO region does not exist. In that case we
can only determine the upper limit for their age. GCs that contain large number of
member stars usually show all these features in their CMDs. Figure 1.7 shows the
CMD of a Small Magellanic Cloud (SMC) GC NGC339, which shows a dense strip
representing the MS, as well as the well-populated SGB, RGB, RC and Asymptotic
giant branch (AGB), respectively, all these parts can be ideally described by an
isochrone. However, it also shows a population of blue straggler stars (BSSs, the
points that beyond the bright side of the MSTO), as we will see, the presence of
BSSs may explain the presences of genuine secondary stellar generations in lots of
GCs.

For a SSP sample, all stars formed at the same time, share the same metallicity,
and only vary in their initial masses. Since the massive stars would have evolved
off the MS earlier, they would have left a well-defined MSTO region. The MSTO in
SSPs is unique: which is unique, well-jointed to a narrow SGB. Since the sub-giant
stage is extremely short, only a very small fraction of stars would be observed in the

1t is just like a snapshot for all these stars at the same time, readers should distinguish it from
Fig. 1.5, which is the evolutionary track for single star at different times.
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Fig. 1.7 The CMD of
NGC339 with the best fitting
isochrone (red solid line)
[24], observations are based
on Hubble Space

Telescope/ Advanced Camera
for Surveys (HST/ACS)
(Proposal ID: GO-10396, PI:
J. S. Gallagher, III) filtered in
F555W and F814W bands
(which roughly correspond
to the Johnson—Cousins V
and / bands)
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sub-giant region. Only SCs that contain large number of stars (>10°) would display a
well-populated SGB. The next smoothly joined branch is the RGB. Again, SSP stars
that pass the sub-giant stage would climb in luminosity along with a very narrow
RGB. A SSP should also compose a compact RC in its CMD. In summary, stars in
SSPs should present a narrow MS, a unique MSTO, a narrow and well-defined SGB
and RGB, a compact RC, respectively, and all these features can be ideally described
by a single isochrone with a given age and metallicity.

1.4 Not-So-Simple Stellar Populations: Multiple Stellar
Populations

The SSP is a powerful conception. Based on SSPs, one can use the stellar population
synthesis method to construct a stellar population model for more complicated stellar
systems, like galaxies. A galaxy isnota SSP. Itis composed of stars with different ages
as well as helium abundances and metallicities, called ‘multiple stellar populations’
(MSPs). However, since it is assumed that SCs are the fundamental blocks that build
a galaxy, combined with the SSPs assumption for SCs, we can ideally describe the
stellar populations in galaxy as a combination of different SSPs for different initial
conditions (age, helium abundance, metallicity).
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If a stellar system is composed by MSPs, in contrast to SSPs, this means it should
be composed of stars with (1) different ages, (2) helium abundances, or (3) metal-
licities. MSPs do not need to meet all these three criteria, normally people expect
that they should show a spread in their combination.

A lots of mechanisms would lead SCs to become MSPs, some of the most popular
scenarios include:

1. Some SCs are probably originally from the disrupted core of dwarf galaxies.
These dwarf galaxies orbit to the MW, frequently go across the MW disk. The
overdense MW disk region efficiently stripped the outer layer of the dwarf galaxy,
in a process called “tidal shocking”. Some enormous, massive GCs are assumed
to be the nuclei of disrupted dwarf galaxies, like w Centauri [25], some GCs in
MSI1 (extragalactic) [26]. Since galaxies are often not SSPs, their remnant nucleus
would exist as apparent GC composed of MSPs.

2. SCs could also live in clustered environments, called “cluster complexes” (CC).
The dynamiced interactions between SCs would lead some of them merging
into a giant SC. Some very massive SCs are suggested to be the results of SC
mergers, like NGC 1023 [27], NGC 2419 [28], or even some YMCs: NGC 3603,
Westerlund 1 & 2, and R136 [29].

3. For SCs, their member stars with masses less than 8 M will undergo the the
asymptotic-giant-branch (AGB) phase, during this very last evolutionary stage,
the outer layer of the stars become unstable, eject large fraction of materials into
the interstellar medium (ISM). The gas from the AGB ejecta can be retained
within the SC, then converted into a second stellar generation [30, 31]. Another
scenario regarding the contribution from the stellar wind of fast-rotating massive
stars, the fast-rotating massive stars would shed their helium-rich materials (from
more efficient hydrogen burning) into an equatorial disk, or radiatively drive them
into the ISM via stellar winds. These helium-enhanced materials would pollute
the low-mass stellar populations, hence broaden their internal helium (as well as
some elemental abundance) spread [32, 33].

4. Stellar collisions or binary mergers would result in refreshed BSSs (for binary
coalescence, see [34, 35]; for stellar collisions, see [36, 37]), BSSs would break
the simplicity of the stellar age distribution in SCs, located in the region that bluer
and brighter than the MSTO (that is the reason of their name—blue straggler
stars). Both stellar collisions as well as binary mergers are non-negligible for
dense, massive SCs, especially for GCs.

We will introduce some of these scenarios in more detail in Chap. 2.

1.4.1 Describing the Multiple Stellar Populations

Unlike for SSPs, describing MSPs is not-so-simple, but any feature that deviates
from SSPs should be considered the result of a MSP (e.g., multiple-MSs, spread in
the MSTO, broadened SGB or RGB). Below is a brief description of what would
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happen to observations if stars are not SSPs (hence are no longer well described by
a unique age, helium abundance, or metallicity).

1. Stellar Populations with Dramatic Age Difference.
Stellar populations containing dramatic age differences would be significantly
different in their MSTO as well as SGB regions. This is because, for a given
observation, the difference in their ages would lead to changes in the stars that
have evolved to the MSTO, hence makes the resulting luminosities different. The
average luminosity of MSTO and SGB is the most important feature to learn
about the age of a stellar population: when restricting the analyzed ages to greater
than or of the order of 6 Gyr, the relationship between the age and luminosity of
MSTO is roughly linearly dependent: dlog(L/Ly) ~ —4.1 x 1072 (dex/Gyr),
[38]. Figure 1.8 presents theoretical isochrones with fixed chemical composition
(helium abundance (Y), metallicity(Z) but different in age.).
The effective temperature (color) of the MSTO increases with decreasing age
because at the young stage of SC, the TO stars are more massive, hence hotter.
In the mean time, the color of the base of RGB is almost unchanged.
An extreme case of dramatic age differences is represented by the BSSs, which
would lead to an age spread in SCs equal to the typical age of the SC itself,
because people usually assume that all BSSs are associate with the zero-age MS,
but we will see that the BSSs also evolve; tracing their formation and evolutionary
history of BSSs is possible.

2. Stellar Populations with Different Helium Abundance.
The stellar surface temperature is sensitive to its atmospheric opacity, defined
as «. Increasing x would increase the interior absorption efficiency, especially
for high-energy photons, hence short wavelengths. Since more short-wavelength
photons have been absorbed than long-wavelength photons, the whole stellar
spectrum would be re-distributed into black-body shape, which hence shifts the
typical maximum wavelength of the spectrum towards the red direction, resulting
in a decreased stellar surface temperature: the higher the opacity, the more
efficient the cooling, hence the lower the surface temperature is.
The stellar luminosity also depends on the mean molecular weight, u(Ly
w1”) [38]. This is because, as the mean molecular weight increases, the number
of particles in the core that balance the self-gravity would decrease (because
only hydrogen element would burning at the MS stage), which would lead the
combination of local density and temperature, pT, to increase, and so must the
rate of nuclear reactions [39].
For a fixed metallicity, Z, the increased helium abundance would lead the radiative
opacity to decrease, because «y. is lower than «y [38]. The enhanced Y would
lead X (the mass fraction of hydrogen element) to decrease. The enhanced Y also
increases the ©. The combination of these effects would make helium enhanced
stars hotter and brighter at each stage, but the increased H-burning efficiency
would shorten the stellar MS lifetime. If using isochrones for a given age to
describe stellar populations with different Y, we would find both MS and RGB
for high Y isochrones are hotter, but the TO is slightly fainter due to the shortened
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lifetimes of MS stars. Figure 1.9 illustrates the effect of helium abundance on
stellar isochrones with fixed age and metallicity. The increased initial helium
abundance would also lead the luminosity of RGB bump? to increase. More
informations regard the RGB bump can be obtained from [38].
3. Stellar Populations with Different Metallicities.

Increasing the metallicity would significantly contribute to the stellar opacity,
for the same reason that was described for the last item. The enhanced opacity
would lead to an increase in cooling efficiency, hence a decrease in the stellar
surface temperature. In the mean time, the enhanced opacity would prevent the
central energy from radiating towards the stellar surface, hence the stars with high
metallicity are fainter than their low metallicity counterparts. Figure 1.10 presents
the effects of varying metallicity on stellar isochrones with fixed age and helium
abundance. It is clear that variations in metallicity would apparently affect the
position of the RGB. This makes the RGB the best feature to trace the metallicity
in stellar populations.

2The RGB bump is an intrinsic feature of the RGB. Its seems the RGB stars would peak in a very
tight magnitude range. This is because during the RGB evolution, the H-burning shell crosses the
chemical discontinuity left over by the convective envelope after the first dredge-up phase [40].



1.4 Not-So-Simple Stellar Populations: Multiple Stellar Populations

Fig. 1.9 Isochrones with
fixed metallicity (Z = Zg
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=10.0), but differences in
helium abundance,
calculated by the model of
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Fig. 1.10 Isochrones with
fixed helium abundance (Y =
0.270) and age (Log (t/yr) =
10.0), but differences in
metallicity, calculated by the
model of [41]
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Above are the three main causes that lead stellar population to no longer be
simple. The stellar populations’ features would be sensitive to all these three fac-
tors photometrically, but using spectroscopy, one can investigate different elements’

information in detail.



Chapter 2
Researches of Stellar Populations in Star
Clusters

2.1 Stellar Populations: We Think We Know Until
Everything Change

SCs are the basic units for star formation [3]: almost all stars formed in clustered
structures, most of them form following the turbulent structure of the interstellar
medium (ISM) and collapse into bound clusters within a very short period (usually
about one crossing time) [42, 43], a large fraction of those stars will gradually
dissipate into the galactic field [4], populating the galactic stellar field. The SSP
scenario assumes that this star forming process should resemble a single burst [20],
this is because the strong initial stellar feedback, including the gas expulsion owing
to energetic photons poured out from the most massive stars, strong stellar winds
triggered by the first batch of Type II supernovae, will quickly exhaust all of the gas
in the Giant Molecular Cloud (GMC), if a protocluster have exhausted its initial gas,
its star forming process will stop rapidly.

2.1.1 Why Most Clusters Should be Simple Stellar
Populations?

As introduced, the first topic confronting any underlying discussion of stellar popu-
lations is the initial star forming process in SCs. In principle, stars in a SCs should
form in a single-burst channel unless they were initially extremely massive and com-
pact: the strong stellar feedback would rapidly expel the initial gas, stoping the initial
star-formation process. Timescale of the gas expulsion is very short, usually smaller
than or comparable to the crossing time of a star cluster (~1 Myr), therefore the age
range of first stellar population stars would be constrained in several million years as
well. If there was a supernova explosion during the first several million years, all the
gas will escape from the SC immediately, as a result, the clearance of molecular gas
will quickly end the star formation in the SC. Assuming the typical time period for
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the gas clearance is 1 Myr, given that the typical ages of most GCs (~10 Gyr) and
YMCs (10-100 Myr) are much longer than this timescale, the star forming process in
a star cluster can be thus treated as a burst mode. Despite the supernova explosion, the
typical escape velocity of the initial gas is about 10km s~! during this stage, which
is the sound speed of the ionized hydrogen (HII) gas, sometimes this velocity can
exceed 10km s~ if the gas expulsion process was dominated by radiation pressure,
which usually occurs in massive clusters [45].

During the period from 3—10 Myr, most O-type stars with initial masses of > 16
Mg, evolved off. These massive, quickly evolved stars will induce a large amount of
energy into the ISM during their entire lifetime, which will unbind large amount of
their surrounding gas. For example, A 15 M star would be able to eject 3 x 10°°
erg per 0.1 Myr into the ISM, which will unbind 10* Mg gas within 1pc region
[46]. Because of this, a SC with age of >3 Myr should not contain a large fraction
of residual gas, in addition, at this stage, the type II supernova explosion becomes
frequent. The supernova explosions will expel its stellar material at a velocity of
10% of the speed of light (~3 x 10* km s~!), producing a shock wave through the
ISM in their host SCs. Stimulated by the shock wave, the runaway velocity of the
remaining gas in a SC will speed up to several hundreds or even thousands km s~!.
The multi-supernova explosions will sweep out all remanent gas in a SC immediately.
Calculations have shown that only clusters who have their initial masses of 107 M,
to 103 M, can survive the first series of supernova explosions [47].

Stars that are less massive than ~ 8 My will be able to undergo the AGB phase,
the stellar feedback in this stage is believed the most important part for the formation
of secondary stellar populations: the AGB stellar winds eject the stellar material
into the ISM, these chemical enhanced materials build the body of new generation
stars. However, at the stage of when there are intermediate mass AGB stars, a SC
should already at least 30 Myr old, the gas expulsion and type II supernovae must
have already exhausted a large amount of initial mass. In the meantime, the cluster
itself should already be expanded, thus loss the capacity to capture the subsequent
AGB stellar wind. Such a “self-circle” scenario is based on the assumption that
clusters have the capacity to retain the AGB ejecta after the period of gas clearance,
which means only the initially most massive and compact clusters will be able to
form secondary stellar populations in this stage. The typical velocities of AGB stellar
wind is about 10km s~! to 100km s~!, which is even faster than the velocity of initial
gas expulsion (~10km s~! [46]). Only a cluster whose escape velocity is larger than
this value at the age of >30 Myr would be able to preserve a gas-rich environment.
Assuming an average half-mass radii for young clusters is ~1 pc, the escape velocity
can be calculated through [48],

M (1
Vese (1) ~ 0.1 # kms~!.

") (2.1)
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It immediately tells us that only clusters whose initial mass are between 10* M, and
10% M, can retain the initial runaway stellar material in their gravitational potential
wells.

Figure2.1 shows the minimum mass for clusters to keep their initial runaway
material versus their current mass, this diagram contains two sub-panels for two dif-
ferent escape velocities: 10km s~! (top; roughly equal to the gas-expulsion velocity
and the slowest AGB ejecta), and 100km s~! (bottom; the lowest escape velocity
driven by Type II supernovae).

Figure2.1 tells us that all the OCs that we observed are not be able to have
secondary star formation after their initial star formation terminate. About half of
the observed YMCs in our MW will failed to retain the slowest AGB ejecta, and
when the Supernova explosions further accelerate the remaining gas, all the YMCs
will lose their initial ISM and stop the star formation permanently if no additional
material can be fuelled. GCs seem more ‘safe’ than OCs and YMCs, but most of
them would also not be able to keep the runaway gas once the Type II supernovae
began to affect the environment. This is a conservative estimation, because the escape
velocity of 100km s~ is only a lower limit to the velocities generated by supernova
explosions.

However, Fig.2.1 only compares the clusters’ critical masses to their current
masses not initial masses, for most OCs and all YMC:s, this will not change anything
because they may have unlikely undergone significant mass loss owning to their
young age, but this may complicates the estimations of GCs’ initial masses. Mass
loss caused by two-body relaxation can be evaluated through the formula [50],

_ P

m ~ 1100 (
Mg pc3

1/2
) Mg Gyr'. (2.2)

If assuming a typical age of 12 Gyr for GCs, then most GCs should be initially 10
to 15 times more massive than their current masses, that means they should have a
strong capacity to keep their initial runaway gas in their infancy. It is unclear if young
GCs could capture gas to form secondary stellar populations, because no observation
has recorded a resolved YMC with this tremendous initial mass (>107 My).

This is why SCs should be initially SSPs: their initial star-formation episodes can
only have lasted before all their initial gas being expelled, i.e., the first-generation
stars should have a very narrow age range because they can only form over a short
timescale. After this stage, a survived cluster will become less compact and less
massive, thus loses its capacity to retain additional gas like the materials contributed
by subsequent intermediate mass AGB stellar wind. The observations of young SCs
with ages <10 Myr show that their member stars are usually embedded in a regions
that are largely devoid of gas, while YMCs that are older than several tens of million
years are all fully exposed.
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Fig. 2.1 Clusters’ critical mass (log M) versus their actual mass (log M), here the critical mass
is defined as the minimum mass that is required to capture the initial runaway gas for a cluster. Open
squares, filled squares and open circles represent the Galactic OCs, YMCs, and GCs, respectively.
OC and YMC data are from [10]. GC data are derived from [49]. The region that above the critical
lines (black dashed line) represents the SSP region, that means SCs in this region will not be able
to retain their initial runaway material based on their current masses. Escape velocities: (fop) 10
km s~!; (bottom) 100km s~ !

2.1.2 Complicated Stellar Populations in Star Clusters

Almost all OCs are chemically homogeneous [51-53], this seems also hold for old
OCs like NGC 188 [54], thus proving that their member stars were indeed coevally
originated from a common GMC. Same conclusions also hold for stellar associations
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and star-forming regions [55, 56], indicating a high degree of chemical homogeneity
in primordial GMCs.

As introduced in Chap. 1, a direct method to examine if a SC is SSP is to study
its CMD, the CMD of an SSP can be described by a single isochrone. However,
because most OCs reside at the Galactic disk, their CMDs are usually messy owning
to the extinction, making explorations of the age distributions of their member stars
difficult. On the other hand, measuring a single star’s age is still challenging based
on current facilities and methods: no single approach can work for a broad range of
stellar types in various ages, but this situation may change in the next few years once
the technique of asteroseismology were improved [57].

Currently a main approach to study a single star’s age is measuring its surface
lithium abundance, because the lithium abundance is suggested to decrease with
increasing stellar age. Studies based on this method have revealed that some stars
seem to have ages that exceed the host OCs’ isochronal ages [58, 59], but these
exceptions only occupy a very small fraction of the first population stars, therefore
they may not be able to resemble a large-scale ongoing star formation. To study
the age range of a large stellar sample, a more promising approach is to explore
the color-magnitude distribution of MSTO stars. The OCs Hyades and Praesepe,
seem to possess their MSTO regions with apparent luminosity spread, indicating that
their member stars may have age ranges span several hundred million years [60]. A
similar result was found in the Orion Nebula Cluster, which seems harbor an internal
age spread on the order of 10 Myr [61]. Similar results also appear in extragalactic
YMC s, arecent study has found thata LMC YMCs, NGC 1856, displays an apparent
extended MSTO (eMSTO) region [62], suggesting an initial SFH last for ~150 Myr.
Another LMC YMC, NGC 1850, was also found to harbor an eMSTO, indicating
an age spread of ~70 Myr [63]. Because both NGC 1850 and NGC 1856 belong to
the LMC, differential extinction can not be responsible for their eMSTO regions, the
discovery of broadened MSTO regions in YMCs seems to be a ‘smoking gun’ that
supports stars in SCs can form continuously rather than born in an single star-burst.

For the CMDs of intermediate-age (1-2 Gyr) SCs in the LMC and SMC, the
eMSTO is an ordinary feature: for instance, the LMC cluster NGC 1846 was found to
possess a split in its MSTO region, indicating the presence of two stellar populations
with ages of 1.5 Gyr and 1.8 Gyr, respectively [64], similar results were also found in
LMC cluster NGC 1783 and NGC 1806 [65], with indications of their age dispersions
should be at least 300 Myr. A comprehensive study shows that about 70% of the LMC
intermediate-age SCs have eMSTO regions, which is in conflict with the expectations
from SSPs [66]. Studies also show that for two SMC clusters, NGC 411 and NGC
419, their eMSTO regions are even consistent with an age spread of ~700 Myr [67].
In addition, NGC 419 also displays a dual RCs, which again indicates an extended
age distribution [68].

However, a series of objections to the eSFH scenario were proposed, based on
very solid negative results. An analysis of LMC cluster NGC 1831, a ~800 Myr
cluster, have encountered an apparent conflict between the age spread derived from
its eMSTO region and that implied by the compact RC [69]. Researches also extended
to YMC candidates in local group galaxies other than LMC and SMC: a 570 Myr
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unresolved YMC candidate, NGC7252-W3, shows no evidence of eSFH, although it
has an escape velocity of 193km s~! [70]. A survey for residual gas in 13 LMC and
SMC YMC:s with ages <300 Myr also denies any presence of residual gas in those
YMCs [22], thus confirms that most YMCs in LMC and SMC may not be able to
accrete large gas reservoirs to support ongoing star formation. On the other hand, if the
eMSTO stars in these LMC and SMC clusters represent the same feature of MSPs in
GCs, their member stars should show the well-know Na-O anticorrelation, however,
a study on NGC 1806 report a negative result: no evidence of Na—O anticorrelation
was found in the member stars of NGC 1806 [71], which indeed stands in marked
contrast to the chemical variations present in GCs.

Numerous debates also focus on whether other features in the CMDs of
intermediate-age SCs would be consistent with an eSFH. Li et al. (2014) claimed
that in the 1.7 Gyr-old cluster NGC 1651, its SGB morphology can only be recon-
ciled with an age spread of <160 Myr, which is much smaller than that derived from
its apparent eMSTO region—450 Myr [72]. Their conclusion was subsequently con-
firmed in clusters NGC 1806 and NGC 1846 [73]. But an objection have argued that
the morphology of SGBs in these clusters are actually consistent with an age spread
scenario, if adopt a significant level of stellar convective overshooting to these SGB
stars [74]. The dispute is ongoing, Li et al. (2016) discovered a very tight SGB in
NGC 411, which can only be explained by an SSP [75]. As NGC 411 was claimed to
harbor an age spread of ~700 Myr [67], which immediately produces an discrepancy
with respect to the observed SGB. Figure 2.2 presents the CMD of NGC 411, which
is already zoomed in the regions of eMSTO and SGB, two isochrones are required
to describe the blue and red boundary of its eMSTO region, which indicates an age
spread of ~800 Myr. It can be found that although the MSTO stars in NGC 411 were
fully filled the region covered by these isochrones, almost all its SGB stars are alined
with a narrow track, which actually corresponds to a single-aged isochrone.
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Old GCs seem represent a different type of SCs. MSPs are believed to be a ordinary
feature of the Galactic GCs (GGCs). Early evidence can date back to 1980s, where
a dispersion in the CN-band strengths was found among seven MS stars in the GC
47 Tucanae (47 Tuc) [76], indicating that a process leading to N enhancement must
have occurred in those stars, however, these MS stars themselves lack the capacity
of mixing N to their stellar surface, the only explanation to the CN variation in these
stars is they originated from the N-enhanced materials after the formation of N-poor
stellar populations. Similar features were also detected in other GCs, like NGC 362
[77], NGC 6171 [78], NGC 6838 [79], NGC 5272 [80] and NGC 6205 [81, 280].
N-enhanced stellar populations also exhibit a strong absorption line at ~3400 A,
therefore affects their CMD morphologies in ultraviolet filters, producing a split in
the RGB, this feature have been observed in a dozen GCs [82]. Other evidence of
MSPs in GCs were reflected by the variations in light elements (Na, O, Mg, Al), as
introduced, the Na-O anticorrelation is the most well-known relationship for GC stars.
The Na—O anticorrelation in GCs is shown in both the MSTO, SGB, and RGB stars
(e.g., [83—85]). The Na—O anticorrelation may caused by the processes of CNO circle
(~20 x 10° K) and Na proton-capture process (~35 x 10° K), this anticorrelation
seems unlikely the result of stellar evolution because the central temperatures of
the stars in GCs (~0.85 M) is too low to trigger these processes [32]. It looks
like that all GGCs have Na—O anticorrelations, in addition, light-element variations
are also detected in some LMC GCs [86]. Beside the Na—O anticorrelation, another
relationship of Mg—Al anticorrelation has also been found in GCs (e.g., [87, 88]).

The iron abundance ([Fe/H]) dispersion, once appear in a cluster, would indicate
that its SFH survived multi-supernova explosions, because only the ejecta of massive,
core-collapse supernovae are able to enhance the iron abundance of ISM. There
are lines of evidence show that at least some GCs have their member stars with
dispersions of [Fe/O], like NGC 6656 (M22, [89]) and NGC 7089 (M2, [90]). This
strongly suggests that at least some GCs have experienced much more complex
SFHs. Precise photometry provide more impressive evidence, stellar populations
with different elemental abundances, also show different properties in the CMDs:
NGC 1851 was found to harbor dual SGBs in the CMD, different CNO contents
were detected in stars belong to these two branches [92]. The GC NGC 2808 shows a
triple MSs, indicating three stellar populations with helium-abundance of Y = 0.248,
Y =0.30,and Y = 0.37, respectively [93]. A recent study on NGC 7089 (M2) even
reported seven stellar populations [94].

Because the photometric analyses usually involve stellar samples with much larger
sizes than that explored by spectroscopic analyses, investigating the kinematics and
dynamics of the different stellar populations becomes possible. Milone et al. [95]
revealed dualities in the MS, SGB, and RGB of GC 47 Tuc, they explained these
two stellar populations by a CN-weak, O-rich, Na-poor and normal helium abun-
dances (Y ~0.25) stellar and a stellar generation with CN-strong, O-poor, Na-rich
and enhanced helium abundances elemental abundances (Y ~0.265), they defined
the former as first stellar population and the latter as secondary stellar population,
respectively. They found that the secondary stellar population is more concentrated
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than their first stellar population counterpart. Their conclusion is cemented through
near-infrared observations [96, 201]. Similar results were also found in NGC 362
[97] and other GCs [98]

2.2 Proposed Scenarios

2.2.1 The Extended Main Sequence Turn-Off Regions
in Star Clusters

As repeatedly mentioned, the most straightforward explanation to eMSTOs that
observed in lots of LMC and SMC SCs is to assume they have experienced much
longer initial SFHs, usually last for at least 300 Myr [66]. Goudfrooij et al. (2014)
[100] proposed a scenario involves a prolonged round of SFH for massive clusters:
the central escape velocities of the star clusters were high enough to accrete a large
amount of pristine gas during the gas expulsion stage or to retain the ejecta of inter-
mediate mass AGB stars and massive binaries. Most of this gas reservoir would be
accumulated in the central regions of the clusters and form secondary stellar pop-
ulationss. This process may last several million years until all gas is exhausted by
star formation or multiple supernova explosions. However, the discovery of no gas
residual in YMCs invalidates this scenario [100]. Another possible solution to the
suspected age spread in these LMC and SMC clusters invokes the merger, the merger
between two clusters with different ages [64] or between a cluster and a star-forming
GMC [101] would be able to explain the observed eMSTO in SCs, which may indi-
cates that there was initially a large fraction of binary SCs in LMC and SMC, because
of the fraction for SCs who harbor eMSTO regions is very high (70% [66]).

The age spread model strongly indicates that it is time to relinquish the SSP sce-
nario for the formation of these relatively young SCs, however, there is another sce-
nario directly denies the MSPs in these clusters, this scenario attributes the observed
eMSTO regions to the results of stellar self-rotation. Stellar rotation can alter the mor-
phology of MSTO regions in two channels: (i) the centrifugal force resulting from
rotation reduces the stellar self-gravity, decreasing the surface effective tempera-
ture, that means a fast rotator should appears redder than its non- or slow-rotating
counterpart (if they have the same mass). The reduced self-gravity also lead to a
reduction of stellar luminosity as it reduces the stellar central nuclear reaction rate.
Because the rotating mainly affect a star’s equatorial region, which would make
a rapidly rotating star look redder around its equatorial region than near its poles.
This effect is defined as ‘gravity darkening’; (ii) Rotation would enlarge the stellar
convective cores, transporting hydrogen from the outer layers into the stellar center,
replenishing the central fuel for hydrogen burning, which will thus prolong the stel-
lar main-sequence lifetime. Once the massive, fast-rotating stars have comparable
MS lifetime to less massive stars, a mass spread in the turn-off region of a stellar
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population appears, resulting a luminosity dispersion in its turn-off region. This is
called ‘rotational mixing.’

The less massive stars (<1.2M) are not expected to become fast rotators owning
to a mechanism called ‘magnetic braking’ [102, 103], i.e., the stellar magnetic field
will lead the angular momentum steadily transfer away from the star through exerting
atorque on the ejected matter during a star’s evolution. It has been confirmed that stars
earlier than FO-type can easily reach an average rotational velocity of 100-200km
s~!, while the GO-type stars’ typical rotational velocity is only 12km s~! [104]. A
study of a large number of B-F-type solar-neighborhood stars has confirmed that
most of these stars are fast rotators [105].

In 2009, Bastian and de Mink [106] had proposed a scenario that rapid stellar rota-
tion of F-type stars may lead to the misconception that intermediate-age SCs harbor
dramatic age spreads. But their scenario has only considered the gravity darkening
as the effect that is responsible for the extent of the eMSTO region. However, Girardi
et al. [107] showed that rotational mixing will mitigate the broadening caused by
gravity darkening, eventually leading to a narrow MSTO, therefore stellar rotation
cannot be the (only) solution of the eMSTO. However, their conclusion was pointed
out to has adopted an unrealistic convective mixing efficiency, it was found that the
collective effects of gravity darkening and rotational mixing with a moderate mixing
efficiency could produce the eMSTO region for 1-2 Gyr-old clusters [108]. A corol-
lary of their results is that the MSTO area in a cluster would depend on its actual age,
Fig.2.3 presents the correlation between the FWHM of the clusters’ age spreads and
their typical ages for coeval stellar populations, based on the Fig. 8f of Yang et al.
[108].

If the age spreads of several hundred million years are valid for YMCs (<300
Myr), a fraction of pre-main-sequence stars should appear in YMC CMDs, this is
because their age distributions of member stars would scatter to zero age. However,
as shown in Fig.2.3, the internal age spreads of YMCs derived from their MSTO
regions only occupy small fractions of their ages, this supports the stellar rotation
scenario again, as it will partially broaden the MSTO region.

The relative importance of gravity darkening and rotational mixing in SCs is
unclear because of the lack of direct observational evidence. To distinguish between
these two effects, one promising approach is to study the loci of the rapidly rotating
population on the CMD. Gravity darkening will produce an eMSTO where most
fast rotators lie to the red side of the MSTO, while rotational mixing will lead most
fast rotators to reside toward the blue side of the MSTO region. Another important
feature that may shed light on this issue is the SGB. Because gravity darkening
does not produce a mass spread among MSTO stars, once the MSTO stars have
evolved off the main sequence, they will decelerate due to the conservation of angular
momentum, the coeval MSTO population characterized by different stellar rotation
rates will subsequently converge into a narrow SGB. On the other hand, the rotational
mixing effect would produce a mass spread among evolved stars, broadening both
the MSTO and SGB regions. If a fast rotating population is dominated by rotational
mixing effect, it may display a broadened MSTO region and a SGB that largely
dispersed in luminosity as well.



28 2 Researches of Stellar Populations in Star Clusters

600
y - - [
= Goudfrooij et al.(2014)
500 o Niederhofer et al.(2015) .
o Correnti et al.(2015) .
— = = =Yang et al.(2013 AN
;} g ( ) ,' \‘
E 400 L
= 4 L] N
~— n .
’ " N -
= . - .
£ 300 | et |
= / o [ ] Y
jus) r m ® , =
= 200 - s %
= P \
P A
’ AY
II ‘\
100 ; v
o 7 \
EE o I'I K
AY
0 bl LA 1 I i \
0 0.5 1 1.5 2
Age (Gyr)

Fig. 2.3 Widths of implied cluster age spreads as a function of their isochronal age. Black dashed
line Predicted FWHM of cluster age spreads that would be derived from their eMSTO regions
as a function of cluster age. Filled squares, open squares, and an open circle are the data from
[99, 109, 110], respectively

Stars with different rotational rates would be mainly affected by different effects,
a stellar population composed of extremely fast rotators may be mainly affected
by gravity darkening, while a stellar population only contains relatively moderate
rotators may more prefer to be affected by rotational mixing. In stellar evolutionary
model, the stellar rotational rate can be described by £2 /52, where £2 is the stellar
angular rotation rate and 2.4 is the critical, ‘break-up’ value. To illustrate this
difference, in Fig.2.4 we present synthetic HRD of SSPs with £2/82. < 0.5 (left
panel) and £2/82.4 > 0.5 (right panel) for an age of 1 Gyr and a metallicity of
Z = 0.006, which is roughly the typical value of most intermediate-age LMC and
SMC star clusters. Figure2.4 shows that for stars with their rotational rates span
from £2/82.i = 0to 0.95, the SGB also spans in a large range of magnitude; while
for those extremely fast-rotating stars (left panel, £2/£2. > 0.5), the SGB is well
populated with very small magnitude dispersions.

Analyses on the SGBs of SCs who harbor eMSTO were carried out recently.
As introduced, so far there were already four SCs, NGC 411 [75], NGC 1651 [72],
NGC 1806 and NGC 1846 [73], seem harbor their SGBs that are inconsistent with an
dramatic age spread (however, see [74]). A more exciting result appears soon, Wu et
al. [112] found for SMC cluster NGC 419, its CMD shows apparent ‘converging’ in
the SGB, i.e., the SGB seems wide in blue range while narrow in red range, the only
explanation to this feature is these SGB stars are slowing down, i.e., the more evolved
SGB stars have lower rotational rates than these less evolved SGB stars. All these
results may suggest that the gravity darkening in these clusters is more important than
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Fig. 2.4 Synthetic (V,V — I) CMD for a coeval stellar population with an age of 1 Gyr and a
metallicity of Z = 0.006, for stars with initial rotation rates of (left) §2 /82 < 0.95 and (right)

§2/82cit > 0.5. The color bars indicate the initial stellar rotation rates. Calculated through Geneva
stellar evolutionary model [111]

rotational mixing effect, based on Fig.2.4, if the Geneva stellar evolutionary model
is correct, then it may further indicate that most stars in these SCs are extremely fast
rotators.

The discovery of eMSTOs in YMCs seems confirm this speculation: the eMSTO
of NGC 1856, a 150 Myr-old YMC in LMC, suggests a possibly ~80 Myr age spread,
if assume this eMSTO is produced by stellar fast rotating rather than an age spread,
then its stellar population should be composed by a combination of two-third rapidly
rotating stars and one-third slowly/non-rotating stars [110]. Same conclusion was
also reached in another YMC NGC 1755, which displays a split main sequence that
favors the variable stellar rotation scenario rather than an age spread [113]

In summary, the apparent eMSTO regions in intermediate-age SCs and YMCs in
the LMC and SMC can be explained by either an age spread scenario or rapid stellar
rotation scenario. The discussions on the origin of eMSTO regions are still ongoing.

2.2.2 Multiple Stellar Populations in Old Globular Clusters

The presence of MSPs in old GCs is undoubted, but their origin remains unclear, so far
almost all proposed scenarios that aim to explain the formation of MSPs in GCs can
be classified into two categories. The first type of hypothesis suggests a primordial
origin, in the sense that GCs may have been born with chemical inhomogeneities.
The second type of scenario insists the SSP origin for GCs, which claims that the
MSPs in GCs are the result of stellar evolution [114].



30 2 Researches of Stellar Populations in Star Clusters

Most primordial scenarios invoke self-pollution of intra-cluster gas during the
early stages of cluster evolution, possible polluters during that stage include the ejecta
of rapidly rotating massive stars [32], massive binaries [115], or evolved post-giant-
branch stars [116]. Another scenario divides GCs into three populations, GCs with
initial masses >10° M, can retain the ejecta of all types of massive stars, including
those of their core-collapse supernovae. The relatively less massive GCs, with masses
of several 108 M, would only be able to keep a fraction of the fast winds from massive
stars. The least massive GCs would not be able to capture any gas ejected by massive
stars, they could only form new stars from the slow winds of intermediate-mass stars
of the first stellar population [117]. A more recent scenario suggests that a temporal
sequence of AGB populations may be able to explain the observed MSPs in GCs:
such a pollution process occurs after the period of Type II supernovae, lasting until
the third dredge-up associated with the AGB population. In this scenario, the cluster-
to-cluster abundance variations is ascribed to the differences of many processes and
gas sources which were involved in the formation of the secondary generation [118].
If this scenario was on the right track, then a GC should be able to keep its mass that
is 100 times more massive then its current mass after the Type II supernovae epoch
(~20 Myr), otherwise the self-pollution scenario would be failed to explain the high
fraction of the observed secondary stellar populations in most GCs. However, another
study have revealed an intrinsic problem among all self-enrichment scenarios that
they are unable to produce consistent abundance trends among He, Na and O [119].
While all these self-cycle scenarios have predicted a extremely massive origin for
GCs who have MSPs, however, current investigations have shown that clusters are
almost gas-free at a very early stage (2-3 Myr), independent of their mass [120, 121],
which indeed show that clusters may not be able to retain their initial gas during the
initial gas-expulsion phase, but this does not prevent a cluster from accreting external
gas onto its central region when moving through a background medium [122].

Another primordial formation scenario invokes the cluster merger, an advantage
of this hierarchical formation scenario is that it does not require a extremely massive
origin for individual clusters, thus solves the ‘initial exhaustion’ problem. Cluster
members in crowded environments are easy to frequently collide and merge [123],
resulting a stellar system contains more than one stellar populations. However, this
scenario may preferentially favors clusters in crowded environments (e.g., cluster
pairs in the Antennae interacting system [124]), while most GCs in our Milky Way
are located in the Galactic halo, where frequent mergers are not expected to occur.

The evolutionary scenario treat the star-to-star abundance variations in GCs as the
result of dredge-up of material that has been processed through the CNO cycle in the
stars themselves. Because the observed elemental chemical dispersions in GC stars
only reflect variations in their surface abundances, any process that would change the
chemical compositions of stellar surfaces would produce a star-by-star variation in
their elemental abundances. Lots of mechanisms that may affect the mixing of stellar
material have been proposed. Some of them seem auspicious indeed, for example,
a study had had shown that the significance of Na—O anticorrelation of GGCs is
depend on their RGB luminosity [125], indicating this correlation may be affected
by internal deep mixing of evolved stars during their ascent of the RGB, thus partially
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support the evolutionary scenario. Another possible mechanism that may lead stars
to undergo deep mixing invokes the stellar magnetic fields: Nucci and Buso [126]
proposed a scenario involving the advection of thermonuclear ashes by magnetized
domains emerging near the H shell to explain AGB-star abundances, confirming
that the stellar-envelope crossing times are able to facilitate chemical dispersion in
a huge convective shell, the stellar deep mixing induced by the magnetic advection
may explain the observed abundance anomalies in GCs.

However, akey problem of the evolutionary scenario is that stars in GCs are usually
late-G- or K-type stars, their central temperatures are not sufficient high to produce the
observed Na—O anticorrelation. A possible solution to this problem invokes the binary
merger, as binary stars usually occupy a considerable fraction in a stellar population,
their mergers will produce a large number of zero-age massive stars, the BSSs. BSSs
may be initially fast rotators, they may experience sufficient convective mixing, thus
produce a star-to-star surface chemical dispersion once evolve to RGB phase. Such a
model based on fast rotators that are produced by binary mergers or interactions have
been confirmed to be able to produce a Na—O anticorrelation with high significance
[127]. Clearly, this scenario strongly depend on the binary fraction of SCs, actually,
it depends on how many binaries can be eventually evolve to interactive phases. It
seems that more than half of objects in YMCs are actually binaries (at least for stars
that earlier than F-type) ([69, 128, 129], also will be introduced in Chap.3), this
seems also hold for some OCs, Mathieu and Geller (2009) [130] have found that the
population of BSSsin OC NGC 188 contains 76% binary systems, which confirms the
close relationship between binary stars and BSSs. To test the evolutionary scenario,
a promising approach is to study the elemental dispersion of BSSs in SCs, which
may improve our understanding of the origin of MSPs in GCs.
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Part 11
Researches on Stellar Populations
in Massive Star Clusters



Chapter 3
Binary Fraction in Young Massive Star
Clusters

3.1 Introduction

Lots of researches have indicated that the majority of stars are belong to binary
systems [131-135]. As mentioned in Sect. 1.1, stars are preferentially stayed in SCs,
investigating the binary fractions in SCs is thus of fundamental importance for under-
standing many astrophysics of SCs. The dynamics of binaries in a SC thus plays an
important role on both the formation and evolution of the SC. Because binaries are on
average more massive than single stars, in SCs these systems are usually thought to
be good tracers of (dynamical) mass segregation, that is, the two-body relaxation will
cause the most massive objects (including both massive stars and binaries) to sink to
the cluster center, while the relatively less massive objects remain in or migrate to
orbits at greater radii [ 136—138]. However, it is also suggested that the generally wide
binary systems, or the so-called ‘soft’ binary systems, will suffered external encoun-
ters, leading them to be disrupted [129, 139-143]. Because this process depends on
the local stellar density, it would occur more frequently in a cluster’s central region
than in its periphery, which may mask the effects of mass segregation. If there are
intermediate-mass black holes in cluster cores, this dynamical process will proceed
more rapidly [144].

Since old GCs have already experienced significant evolution, their member stars
will likely have reached a dynamical state of energy equipartition. In order to study
the early dynamical mass segregation and binary disruption, more studies based
on YMCs are required. Although the Milky Way hosts a small number of YMCs
(fle5 Mpy), like Westerlund 1, however, because the extreme reddening associated
with these YMCs near the Galactic center prevents us from sampling significant
numbers of their member stars in sufficient detail, these objects are not suitable to
explore the properties of binaries in detail. Exploring the YMCs in the LMC thus
becomes an alternative way. However, because the binary systems in dense SCs at the
distance stage of LMC cannot be resolved with current instruments, binary fractions
in distance YMCs have not yet been studied as thoroughly.
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A promising method to study the binary fractions in dense SCs is to study their
color-magnitude distribution. Because an unresolved binary system would looks like
a single source with the total flux of its two components, it will therefore be found on
the brighter and redder side of the single star MS. Their importance can be quantified
through careful Monte-Carlo simulations. The advantage of this method is its high
efficiency, since it only depends on a single set of observations. In principle, one does
not need to assume many physics, because this approach is only depend on our under-
standing of stellar evolution. This also allows us to simulate artificial observations
for comparison without too many physical considerations like the period distribution
of the binaries or their orbital inclinations [145-149]. But for almost all SCs which
have been analyzed based on this method are old GCs, where dynamical evolution
is expected to have altered the initial binary population. Efforts have recently begun
to address this issue in the context of YMCs in the LMC [128, 129, 150].

In this chapter, we introduce our analysis of the binary fraction properties of
two YMCs in the LMC, NGC 1805 and NGC 1818, previous studies have revealed
significant mass-segregation in these clusters [136—138]. It is also reported that the
massive binary systems in this cluster are also segregated [150], but the dynamics
of relatively less massive, F-type binary systems in these clusters is still not fully
studied. We will introduce our studies of the number ratio of binary stars to the
total stellar sample in the same magnitude range, based on analyzing their apparent
“binary sequences” in the CMDs. We have also developed a more accurate approach
based on x? minimization using Monte-Carlo simulations. The results show that
both methods consistent mutually for the same cluster.

This chapter is organized as follows, the data reduction is discussed in Sect. 3.2.
The details of the isochrone-fitting and yx2-minimization methods are present in
Sects.3.3 and 3.4. The discussions of detailed physical implications of our results
are in Sect.3.5. The Sect. 3.6 gives our conclusions of this work.

3.2 Data Reduction

Our datasets of clusters NGC 1805 and NGC 1818 belong to the HST programme
GO-7303 (PI Gilmore). The complete data set for each cluster is composed of a
combination of three WFPC2 images in the F5S55W and F814W filters, which roughly
correspond to the Johnson—Cousins V and / bands, respectively. The total exposure
times for V and [ bands are 2935 and 3460s. All the data sets consist of long- and
short-exposure images in which the Planetary Camera (PC) chip was centered on the
cluster central region, with a third, longer-exposure image centered on the cluster’s
half-light radius to the cluster center. Images with total exposure time of 1200 and
800s for V and I bands of a nearby field region were also used to statistically correct
the background contamination [128]. Figure 3.1 show the spatial distributions of all
objects associated with the NGC 1805 (left) and NGC 1818 (right) cluster field,
respectively.
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Fig. 3.1 Spatial distribution of the stars in the NGC 1805 (left) and NGC 1818 (right). Blue circles
indicate the adopted cluster region in this work, which are 45 arcsec for NGC 1805 and 80 arcsec
for NGC 1818, respectively. The solid red circles represent their cluster centre

Our photometry was performed with the package HSTPHOT [151], which is a
specialized photometry package for analysis of HST/WFPC2 datasets. HSTPHOT.
For each cluster, we use the point-spread function (PSF) photometry for their raw
images, which thus resulted in three distinct stellar catalogues. Because bright stars
are usually saturated in observations with long exposure times and faint stars will be
merged into background skylight in short exposure images, we combined catalogues
with different exposure times into a complete master data set through cross sections:
If a given star appeared more than once in our catalogues (based on examine their
relative positions), we adopted its magnitude and photometric uncertainty based on
the deeper observation.

The best method to decontaminate the background stars from a SC is separate field
stars from cluster members using stellar proper motions. However, the large distance
of the LMC makes deriving proper motions challenging. Fortunately, because of the
small size of the analyzed WFPC?2 field of view, one can simply assume that the dis-
tribution of field stars is homogeneous, thus enable us to statistically reduce the field
stars through comparing the color-magnitude distributions of a nearby field region
with that of the cluster. The photometry of the nearby field region was processed by
the same procedures. Once obtain the stellar catalogue of the field region, we then
statistically reduced field stars from the cluster stellar catalogue through comparing
their CMDs: we divided both the cluster and the field CMDs into a carefully con-
sidered number of grids and counted the number of stars in each (we have corrected
the area difference for field sample). For our target clusters, the color and magnitude
range for both the field and the cluster CMDs is about 3 mag and 10 mag, respec-
tively. We divided the cluster and field CMDs into 50 cells in color and 100 cells
in magnitude, that means the size of each cell is 0.1 x 0.15 mag. We adopted these
cell sizes because of the comparable color difference between the MS of single stars
and the binary sequence. We confirmed that small changes in cell size will not affect
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Fig. 3.2 (left) Raw CMD of NGC 1805. (middle) CMD of the nearby field region. (right) Decon-
taminated CMD of NGC 1805

our decontamination efficiency. Finally we randomly removed a number of stars
corresponding to that in the area-corrected field star CMD from the cluster CMD. In
Fig.3.2 we present the performance of our decontamination for cluster NGC 1805,
as an example.

3.3 Isochrone Fitting

Distant binaries in compact LMC clusters cannot be resolved into individual com-
ponents with current facilities. The fluxes of the individual binary components will
be returned as a single object, the photometric measurement of a unresolved binary
will give a resulted magnitude below:

my = —2.51og(107%4m 4 10=04mz2y, (3.1

where m and m, are the magnitudes of the individual components. This means that
the binary system will appear as a single object with a brighter magnitude than that
of the MS of single stars, thus be biased towards the brighter envelope of the MS.
‘We used the Padova isochrones [24] to describe the decontaminated CMDs. Since
photometric uncertainties also cause the MS to broaden, which thus renders a robust
distinction between single stars and low mass-ratio binaries difficult, determining the
photometric uncertainties as a function of magnitude thus become necessary before
we take any further analyses. The relationship between the photometric magnitudes
and their corresponding uncertainties can be described by an exponential function
of the form o (m) = exp(am + b) + ¢ [128], where o represents the photometric
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uncertainty and m is the corresponding magnitude; a, b and c are the fit parameters.
Again, we take NGC 1805 as an example, Fig. 3.3 shows the functional form of this
curve is applied to our observations.

We summarize the basic physical parameters for our analyzed clusters. Based on
isochrone fitting, we obtained a distance modulus of (m — M)y = 18.50 (18.54) mag
for NGC 1805(NGC 1818). With the fixed distance moduli, the ages of NGC 1805
and NGC 1818 derived by us are log(z/yr) =7.65 and 7.25, respectively. Compare
with previous works, our derived age for NGC 1805 is identical to that of Liu et al.
[152], while the age for NGC 1818 is younger than their estimate, but fully consistent
with that quoted in de Grijs et al. [136]. We note that this is because of the young
age of NGC 1818 have made the age determination based on isochrone fitting very
uncertain, since Liu et al. [152] determined their age based on the faint end of the
cluster’s MS, it is likely that their age estimate is an upper limit. After determined
their ages and distance modulus, the best-fitting extinction values for NGC 1805 and
NGC 1818 are estimated as E(B — V) = 0.09 and E(B — V) = 0.07, respectively.
Finally, we adopted metallicities of Z = 0.008 and 0.015 for NGC 1805 and NGC
1818. These parameters are close to previous works [153—155]. The basic cluster
parameters adopted in this work are present in Table 3.1.

Table 3.1 Basic parameters of NGC 1805 and NGC 1818

Parameter NGC 1805 NGC 1818
log(r/yr) 7.65 +0.10 7.25+0.10
VA 0.008 0.015

E(B — V) (mag) 0.09 £+ 0.01 0.07 £ 0.01
(m — M)o (mag) 18.50 £ 0.02 18.54 £ 0.02
32000 05"02m21.9° 05"04m13.28
812000 —66°06'43.9” —66°26'03.9”
Réelq (arcsec) 450+0.3 72.7+0.3
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3.3.1 Detect Binary Stars in the CMD

We then adopt the MS ridge-line and the region defined by the 30 photometric
uncertainties on each side of the best-fitting isochrone as the region that dominated
by single stars. Stars that brighter or redder than this limit are defined as unresolved
binary or multiple stellar systems. Binaries with different mass ratios, g = Ms/M, <
1 (where M, and M are the masses of the primary and secondary binary components),
will lead them to attain magnitudes in the ‘binary region’. We then predict where
binary systems characterized by different mass ratios are located in the CMD. For the
upper limit of the binary region, we adopt the fiducial equal-mass binary isochrone,
i.e.,q = 1 binary sequence thatis about 0.752 mag brighter than the single isochrone.
We have also chosen to adopt an upper limit to the binary region to exclude some odd
objects with extremely red colors. These extremely red objects may be the residual
of field contamination or possible triple or multiple stellar systems. Although this
type of stellar system may be rare in regular OCs, they maybe observable if they are
associated with very bright stars in massive clusters.

The multiplicity frequency involving triple and higher-order multiple systems in
YMCs is poorly studied. In the solar neighborhood, the multiplicity frequency is
about 4.5+2% (9 of 164 solar-type primary stars, see [131]), while the simulation
have predicted an 18 & 10% multiplicity frequency in SCs [156]. We hence speculate
that the ‘odd’ objects that located beyond the binary region may contain numerous
multiple stellar systems, also some may be caused by occasional multiple blends.
Our subsequent analyses will show that the blending fraction of two single stars is
about of order 10% in the cluster inner region (see Sect.3.3.3), indicating that the
probability of triple or higher-order blending should only reach fractions of 1%.

In this work, we only focus on stars in the range from V = 20.5 (20) to V =
22 (22) mag for NGC 1805 (NGC 1818), roughly corresponding to F-type stars. The
reason that we only focus on this magnitude range is because the effects of binaries
are most significant in this magnitude range of (V, V — I) CMD, because the MS
slope is shallowest. At brighter magnitudes, the slopes of both the single-star MS
and equal-mass binary sequence are so steep that they lie very close to one another.
Also the spread in color at the bright stellar sequences (including MS and binary
sequence) may be contaminated by BSSs [154], increasing the difficulties associated
with investigating binaries at brighter magnitude. For stars fainter than V ~ 22 mag,
the photometric errors begun to dominate the morphology of the stellar distribution,
causing a significant broadening of the MS. The combination of these reasons have
explained why the magnitude range of V = 20.5 (20) to V = 22 (22) mag for
NGC 1805 (NGC 1818) are the only suitable range for exploring binary properties.
In Fig. 3.4 we present the CMDs of NGC 1805 (left) and NGC 1818 (right), as well
as their best fitting isochrones.
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Fig. 3.4 The CMDs of NGC 1805 (left) and NGC 1818, red solid lines corresponding to their best
fitting isochrones

3.3.2 Determine the Coordinates of Cluster Center

In order to explore the binaries’ radial behaviors, accurate cluster center coordinates
are essential. We divided the stellar spatial distribution into 20 cells in both right
ascension (op000) and declination (852000). We then count the number distributions
of stars along with coordinate directions. A Gaussian function was found to provide
a best-fitting profile to these distributions; the two-dimensional peak of the adopted
Gaussian function thus indicates the center coordinate. The resulting coordinates
are o000 = 05h02m21 .95, 5]2000 = —66°06'43.9” for NGC 1805 and 32000 =
05"04™13.2%, 852000 = —66°26'03.9” for NGC 1818.

Once we obtained the position of cluster center, we then calculated the azimuthally
averaged number-density profiles of both clusters, then we adopted the distances
where the clusters’ monotonically decreasing number-density profiles reach the aver-
age field level as the typical cluster radii. For NGC 1805, we found it subjects to
a cluster radius of Rfelg = 45.04+0.3, while for NGC 1818, this value is Rgelq =
72.7+0.3, we thus adopted the analyzed regions for NGC 1805 and NGC 1818 as
45 arcsec and 80 arcsec, respectively. Mackey and Gilmore (2003) have determined
radii for NGC 1805 and NGC 1818 as 69 and 76 arcsec based on HST/WFPC2
observations [157], but their results are based on surface brightness distribution, so it
is reasonable that our results are not exactly the same. Figure 3.5 shows the number-
density profiles of NGC 1805 (top) and NGC 1818 (bottom). We have also included
the cluster sizes and their center coordinates in Table 3.1. At the LMC’s distance, for
a canonical distance modulus of (m — M), = 18.50 mag, 1 arcsec is roughly equal
to 0.24 pc.
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Fig. 3.5 Number-density profiles of (fop) NGC 1805 and (bottom) NGC 1818. The red solid lines
indicate the field density levels, while the arrays indicate the distances adopted clusters’ radii in
this work

3.3.3 Artificial-Star Tests

An important effect that will broaden the MS is the stellar line-of-sight blending
because the observed clusters are actually the 2D projections of their member stars’
real spatial distribution. This causes a similar observational signature as that owing
to the presence of binary systems. To avoid overestimates of the binary fraction
caused by stellar blends, one need to evaluate the blending ratio at different radii
using artificial-star (AS) tests. The adopted approach in this work is based on the
conclusion of Hu et al. [128], who found that two objects which are separated by
fewer than 2 pixels in the CCD of HST/WFPC2 camera will failed to be resolved. We
adopted their approach to obtain the blending fractions at different radii, we have also
taken into account of the blending between single stars and cosmic rays or extended
objects.

We added more than 640,000 ASs to the observed, decontaminated stellar cata-
logues, subsequently we compared their positions with all observed objects (includ-
ing stars, extended objects and residual of cosmic rays), stars which are blended
with extended sources will be detected as extended sources as well, only stars that
actually blend with other stars may produce a ‘blending binary’ (also depend on their
relative brightness), which will lead to a systematic offset of the binary fractions’
radial profiles. We imposed that the ASs obey a luminosity function (LF) derived
from a Salpeter-like stellar mass function [158], then we examined every single AS
to check whether it would blend with any observed object, that means there is at least
one single star located within 2 pixels to their positions. We adopted a minimum dis-
tance of 2 pixels between artificial and observed stars as the blending criterion, if this
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criterion was met, we assumed that the fainter of the two objects would be dominated
by its brighter counterpart, we call these blending pairs as ‘optical pairs’. We then
calculated the ratio of the number of optical pairs to the total number of stars in the
sample of ASs, fopt = Nplend/ Niot» Where Npjeng and Ny represent the number of
relevant objects, we found that the fq is a function of magnitude. Figure 3.6 present
the 2D contour figure of f as a function of radius and V band magnitude for NGC
1805.

We have also consider the effect of sampling incompleteness, to determine the
data sets’ completeness curves, we generated ASs again, but this time we add this
ASs into the reduced science images. We subsequently recovered the ASs using
the same photometric approach as employed to obtain our main stellar databases.
We used HSTPHOT to generate ASs covering the magnitude range of 19 mag <
V <26 mag and 0.0 < (V - I) < 1.8 mag, which fully covers the magnitude
range of interest in this work. We have totally generated about 16,0000 ASs into
the NGC 1818 and NGC 1805 HST fields, to aviod self blending between ASs
and increases of the background brightness level, each time we only added 70-80
stars to an individual image. All ASs were randomly distributed across the chips, we
repeated these processes 4000 times to reduce statistical dispersions. Finally we have
confirmed that the sampling completeness for the magnitude ranges of our interest is
between 85 and 90%. In addition, the sampling completeness should not significantly
affect our results, because the binary fraction that we want to measure for each cluster
is a number ratio between two stellar samples within the same magnitude range (see
next paragraph).

We then calculated binary fraction at different radii for all stars in the magnitude
range of our interest, the binary fraction is calculated as the number of stars in the
single-star region of the CMD divided by that found in the binary region, corrected
for the corresponding blending fraction of optical pairs, fop,

Soin = A Sopts (3.2)
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Fig. 3.7 Cumulative binary fraction radial profiles of (fop) NGC 1805 and (bottom) NGC 1818
based on the results from yx? tests and isochrone fitting. The blue and red solid lines represent the
results from X2 minimization for flat and power-law mass-ratio distribution (¢ = 0.0 and 0.4) with
a g > 0.55 cut-off, respectively; the green solid lines are for « = 0.0 and no mass-ratio cut-off.
The black dashed lines are the results based on isochrone fits

where N, and N represent the numbers of stars located in the binary and single-
star regions, respectively. In order to reduce statistical uncertainties, we calculated
the resulting cumulative binary fractions for radii from R < 10 to R < 45 arcsec
(R < 10to R < 80 arcsec) for NGC 1805 (NGC 1818), the adopted uncertainties
are Possionian uncertainties.

Figure 3.7 shows the cumulative binary fractions’ radial profiles for NGC 1805 and
NGC 1818 (the black dashed lines). In the inner regions of both clusters, opposite
trends are found. In NGC 1805, the binary fraction first sharply decreases with
increasing radius in the central region, followed by a gradually increasing trend to
the cluster’s outskirts, until it reaches a roughly constant level of the field’s binary
fraction. Meanwhile, NGC 1818 displays a almost monotonically increasing trend
with radius, especially in the innermost regions.
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3.4 Results Based on x? Minimization

We also developed another independent, physically better justified approach, based
on Monte-Carlo simulations and x> minimization. We use this method to test whether
the isochrone-fitting results obtained in the previous section are robust. Using the
best-fitting isochrons, for each WFPC2 chip, we simulate a stellar catalogue repre-
senting a CMD that is similar to that of the observations. We generate millions of
ASs that randomly distributed in each chip across an 800 x 800 pixel coordinate
system. The ASs were again drawn from a Salpeter-like mass function [158], and
their corresponding magnitude were obtained from interpolation of the isochrones.
Gaussian noise was added to all ASs according to the best-fitting relation based on
Fig.3.3.

After we transferred the (x, y) pixel coordinates for all stars to (o¢y2000, 812000)
values, for each observed stars, we first selected the nearest 20 ASs as possible
counterparts, then we adopted the AS characterized by the most similar magnitudes
in each bands as representative counterpart of the observed star of interest. For
stars that located in the binary region, we firstly estimate their mass-ratios (based
on the assumption that they are binaries) through comparing their positions with
different mass-ratio binary sequences, then we calculate their primary stars’ mass
and magnitude and find the ASs with the most similar magnitude to that inferred
for these primary stars. Figure 3.8 shows the theoretical ridge-lines of single stars
and of unresolved binary systems characterized by different mass ratios (the black
dashed line connects binaries whose primary stars have the same initial masses, we
only show a 1.4 M, stellar mass as an example). Finally we have generated a stellar
population with all ASs corresponding to single stars or primary stars of binaries in
each cluster, they thus can represent the CMD of single stars in each cluster, Fig. 3.9
(top) shows the CMD of simulated cluster, without inclusion of any binaries or optical
pairs. Because each AS that represent the observed star was selected from its most
nearest 20 ASs, the sample of ASs hence have a similar spatial distribution to the
observed cluster as well.

The remaining free parameters which will change the morphology of the CMD of
the simulated cluster are the relevant mass-ratio distribution of the clusters’ binary
components and the binary fraction. For binaries in SCs, the most appropriate mass-
ratio spectrum is still unknown. Hu et al. (2010) used to adopt a flat spectrum (they
described it by a power-law, with a index of « = 0) for NGC 1818 [128]. Studies also
suggested that a power-law spectrum with an index of @ = 0 (i.e., low mass-ratio
dominated) appears suitable for binaries in low-density environment [134, 159, 160].
Therefore, we adopted fixed power-law spectra for the binary mass-ratio distribution
with indices of « = 0 and 0.4 in subsequent simulations.

For the analysis of NGC 1805 (NGC 1818), we added artificial binaries with
binary fractions spanning from 5 to 90% to the selection of observed stars. However,
the photometric uncertainties will mix single stars with binaries with g < 0.55, we
thus first adopted a lower mass-ratio cut-off of ¢ = 0.55, binaries with ¢ > 0.55 will
appreciably broaden the MS of the simulated CMD towards brighter (and redder)
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photometric measurements. Again, all stellar photometry (including binaries) follows
the empirical uncertainties that shown in Fig. 3.3, the bottom panels of Fig. 3.9 show
an example of simulated CMD with binary fraction of 50% and a flat-mass ratio
spectrum (bottom left), as well as the observed CMD of NGC 1805 (bottom right).

We perform the same method in the isochrone fitting approach again to divide
the simulated CMD into single-star and binary regions. For different input binary
fractions, we count the number of ASs that are located in the single-star region, N,
and in the binary region, Ny. The number of observed stars in the single-star region
and binary region derived from our isochrone-fitting approach are denoted N and
N (all treated as binaries). We then perform x 2 minimization:

N =N\ | (M- N’
X’ = (S—S) +=) . (3.3)
UNS O’Nb
where oy, and oy, are the statistical uncertainties associated with the numbers of
ASs, so that

s (NL=N)* | (N[ —Ny)*
= . + N, . (3.4
The x? value represents the similarity between the simulated and observed CMDs.
We vary fii, from 5 to 90% and determine the minimum x 2 value for each input binary
fraction. The resulted x 2( fuin) distribution was fitted by a quadratic function, which
will provide both the global minimum y? value (thus indicates the best-fitting binary
fraction) and its 1o uncertainty, the latter corresponds to the difference between x2.
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Fig. 3.9 (top left) CMD of the simulated cluster, without any binaries or optical pairs. (fop right)
The single stars region of observed CMD (i.e., data points found within £+30 of the MS ridgeline)
of NGC 1805. (bottom left) Simulated cluster CMD, characterized by 50% binaries and a flat
mass-ratio distribution, the dark blue circle and dark red circle represent single stars and binaries,
respectively. (bottom right) CMD of NGC 1805 in same magnitude range

and Xiin + 1 [161]. Figure 3.10 shows an example of typical %2 (foin) distribution
and its corresponding 1o uncertainty. For each radius, we derive x ( fyin) using 10
independent generalizations to smooth fluctuations of random scatter. Once we have
obtained the best-fitting binary fraction, we then correct the blending based on the
results that shown in Fig. 3.6.

The fuin (< R) distribution with blending corrected hence indicates the cumulative
binary fraction’s radial profile based on x > minimization. These results for NGC 1805
and NGC 1818 are present in Fig. 3.7 (blue and red solid lines for different mass-ratio
distribution assuming, @ = 0.0 and 0.4, respectively. Comparing the results from y 2
minimization with that based on isochrone-fitting approach (black dashed line), we
found both methods agree mutually in each cluster, which thus supports that both the
general behavior and the actual levels of the radial profiles of the clusters’ cumulative
binary fractions derived are robust. The imposition of a mass-ratio cut-off atg = 0.55
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is not strictly necessary to reach this agreement, we adopted this limit just because
we want to properly compare the results from both methods. We have also checked
the results based on x 2 minimization but with this restriction released, for simplicity,
we have assumed that for all ¢ the mass-ratio distribution is represented by a flat
spectrum, that is, @ = 0.0. The result (shown by the solid blue lines) again shows
the same trend of binary fractions versus radius as found from previous results.

As shown in Fig.3.7, different mass-ratio distributions of @ = 0.0 and 0.4 show
a good agreement about their general trends of binary fraction’s radial profile. We
have also checked whether the resulting binary fractions will depend on other values
of o, we confirmed that the choice of & does not affect the main trend of the binary
fractions’ radial profiles. For both clusters, the main trend of binary fraction’s radial
profile appears stable and robust for « < 0.5, which hence proves that our choice of
0.0 < o < 0.4 is reasonable.

We now compare the actual binary fraction determined here with other results in
previous work for different stellar systems. Sollima et al. (2010) analyzed the binary
fractions in five Galactic OCs through using a similar approach as that adopted in this
work [148], their results show that the core binary fractions in these five OCs span
from 11.9 to 34.1%, with a mass-ratio cut-offs of ¢ > 0.48 to ¢ > 0.55. They also
evaluate a complete binary fraction (without imposing a mass-ratio cut-off), and find
their values are between 35.9 and 70.2%. Clearly, the binary fraction of NGC 1818
falls within their range of values if assume a core radius of roughly 10 arcsec [157],
the core binary fraction of NGC 1805 maybe higher than any of the values reported
by Sollima et al. [148]: Mackey and Gilmore (2003) derive a cluster core radius for
NGC 1805 of 5.47 £ 0.23 arcsec, whereas we only explored the binary fraction for
radii in excess of 10 arcsec in this work owning to the statistically smaller number
of stars in the core of NGC 1805.

The binary fraction in GGCs seems significantly smaller than the values we
derived for NGC 1805 and NGC 1818, based on the results of Milone et al. (2012),
the maximum core binary fraction among 59 GCCs is only roughly 17%, for a
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mass-ratio cut-off of ¢ = 0.5. The fact that our results yield systematically higher
binary fractions than those for GCs is expected. In old GCs, the cluster cores will
have undergone sufficient dynamical evolution, leading to a significant fractions of
binaries being destructed, while the binaries in YMCs NGC 1805 and NGC 1818 are
still in the early stage of their dynamical evolution. We will discuss the evolution of
binary systems in dense star clusters and the relevant time-scales in Sect.3.5.

3.5 Physical Implications

3.5.1 Binary Segregation

The cumulative binary fraction’s radial profile in NGC 1805 shows an apparent
decreasing trend for the innermost two radial bins (R < 15 arcsec), followed by a
gradual increase to the field’s binary fraction. This result can be explained by mass
segregation, since binaries are more massive than single stars of similar spectral types
on average, it is reasonable to conclude that mass segregation is responsible for the
observed behavior of the radial profile of binary fraction in NGC 1805.

de Grijs et al. (2002b) reported a clear signature of mass segregation in NGC 1805
[137], although these authors ignored the observational effects caused by unresolved
binaries and assumed that all stars in their sample were single stars. They pointed
out that it is not straightforward to correct the observed LF owing to the presence
of binaries, in addition, measuring binary fraction as a function of brightness is
difficult. Note that, despite significant improvements that developed in this work, we
still can only determine the binary fraction for cluster MS stars spanning a narrow
mass range (roughly equal to a mass range from 1.3 Mg to 1.9 Mg, corresponding
to F-type primary stars).

To understand the radial behavior of the binary fraction of F-type stars in NGC
1805, one need to compare the timescale of early dynamical mass segregation with
the cluster’s age. de Grijs et al. (2002b) concluded that the core of NGC 1805 is
3—4 crossing times old, although the age of NGC 1805 was log(¢/yr) = 7.0f81f
in their work [137]. The adopted age for NGC 1805 in our work is older, implies
that the cluster age of 3—4 crossing time in their work is probably a lower limit. We
estimate that the core of NGC 1805 may be already 8—10 crossing times based on
the adopted age of log(z/yr) = 7.65 &£ 0.10 in this work. In addition, clusters may
form clumpy rather than as spherically homogeneous Plummer spheres [42, 162],
they will undergo early dynamical mass segregation more rapidly, usually on time-
scales of 1-2 Myr for the most massive stars in the cores. In view of these time-scale
arguments and compared with the cluster’s chronological age, its binary population
should also have been modified by the dynamical interactions.



50 3 Binary Fraction in Young Massive Star Clusters

On the other hand, binary systems can be formed through both three-body encoun-
ters (‘3b’) and tidal capture (Spitzer (1987) [9]), i.e.,

dn dn dn
(&), - (), (&), 59
dr tot dr 3b dr te
auseful numerical approximation to the formation rate of binaries through three-body
encounters can be calculated through the formula below,
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where n and o,,, are the stellar density and 3D velocity dispersion of single stars,
respectively. The rate of binary formation through tidal capture can be calculated

through:
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Here, (k, ) = (1.52,0.18) and (2.1,0.12) for the polytropes n = 3 (based on the
Eddington standard model of stellar structure for MS stars) and 1.5 (relevant to
degenerate stellar cores, white dwarfs and less massive bodies), respectively, and Ry
is the stellar radius.

We now estimate the number of binaries that may have formed through tidal
capture during the evolutionary history of NGC 1805. Mackey and Gilmore (2003)
determined the central density of log po[Mg pc—3] = 1.75 £ 0.06 and a total mass of
log(My[Mg]) = 3.4570 1) for NGC 1805. In this work, we have detected about 3500
stars within a radius of 45”, which roughly represents the size of NGC 1805. This
number, after the incompleteness corrected, then assume a Kroupa-like LF down to
the hydrogen-burning limit at 0.1 Mg, to the sample [163], indicates a total number
of stars that in NGC 1805 of approximately 10,000. The average stellar mass in
the cluster is thus of order of 0.28 Mg, corresponding to a central number density
of p = 70 stars pc~ based on the assumption that the average mass of stars for
20.5 < V < 22.0 mag is 1.6 Mg. MS stars in this mass range would have radii of
about 1.3 R, the cluster’s stellar velocity dispersion is still unknown for NGC 1805,
but de Grijs et al. (2002b) estimated that the velocity of NGC 1805 should be at least
10 times smaller than that of NGC 1818 [137], while Elson et al. (1987) estimated a
velocity dispersion for NGC 1818 of > 6.8km s~!. We thus conservatively assume a
velocity dispersion for NGC 1805 of ~ 0.7 km s~!. If adopt 5 arcsec as the projected

3.7)
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core size of NGC 1805, then the physical core size of this cluster should be ~1.3
pc (at the distance of the LMC). With all of these considerations being taken into
account, we calculated out that only 5.6 and 0.2 binaries are expected to have formed
in the cluster core through three-body interactions and tidal capture, at the current
age of NGC 1805.

Based on the core radius of 5.47 £ 0.23 arcsec [157], NGC 1805 exhibits a
significantly decreasing binary fraction out to 3 core radii. We do not explore the
binary fraction in the innermost 5 arcsec owning to the large uncertainties associated
with the small number of stars. However, it is still reasonable to conclude that the
enhanced binary fraction in the cluster’s inner region is most likely caused by the
effects of early dynamical mass segregation [42, 162]. After all, binaries are more
massive than the single stars on average, so that binary systems are subject to a more
significant degree of dynamical friction, hence, mass segregation.

In addition, as the more massive objects sink towards the cluster center, the dynam-
ical evolution accelerates as well [165], thus producing dense cores very quickly,
where stellar encounters occur very frequently, leading to a very effective binary
formation [164, 166]. Actually, the presence of binary stars may accelerate the early
stage of dynamical mass segregation significantly, since two-body encounters are
very efficient at this stage [142, 150, 167-169]

3.5.2 Binary Dynamical Disruption

Since NGC 1818 has a similar age as NGC 1805, its opposite radial behavior of
the binaries should possibly indicate additional dynamical effects that have played
important roles. This apparent deficit of binaries in the NGC 1818 core may be
the observational signature of the dynamical disruption of soft binary systems. An
similar conclusion has been made earlier for NGC 1818 [129], although with less
significance. In massive clusters, hard binaries get harder and soft binaries become
softer [139], the timescale of the disruption of soft binary systems is always signifi-
cantly shorter than the local relaxation timescale. This implies that binary disruption
should have proceeded efficiently if there are sufficient number of soft binaries and
the host cluster has undergone evolution for longer than its half-mass relaxation time.

The age of NGC 1818s core in crossing time compares favorably with the age
estimate of the NGC 1805 core (also in units of crossing times), previously work
show that it is already > 5-30 crossing times old [137]. Both clusters have similar
chronological ages, however their binary fractions’ radial profile are markedly differ-
ent, which takes us a conundrum immediately: what causes this apparent diversity?
Disruption of binaries is caused by kinetic-energy transfer from a cluster’s bulk stars
to their components, once the kinetic-energy of the binary components are much
lower than the average kinetic-energy of the bulk stellar population, such a binary
star can be treated as soft. The ‘watershed’ energy of soft binaries is —mo 2, where o
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is the local velocity dispersion of the environment in which the binaries reside [170].
Since the mass ranges of the binaries we analyzed in NGC 1805 and NGC 1818 are
similar, the key factor which determines if a binary system is soft or not is its velocity
dispersion. As mentioned before, the velocity dispersion in the core of NGC 1818
is roughly 10 times greater than that of the core of NGC 1805 [137], many more
binaries in NGC 1818 hence can be thought as soft binaries, i.e., they are more easily
disrupted in the dense core of NGC 1818, while such binary systems are likely more
easy to survive in NGC 1805. In addition, NGC 1818 also harbor a relatively denser
core compared with NGC 1805. Sollima (2008) derived a relationship between the
survival probability of binary systems and the density and velocity dispersion of their
host clusters, which shows that binaries survive frequency is much lower in envi-
ronments characterized by relatively high densities and velocity dispersions [171].
We speculate that these differences in physical conditions are the main factors that
caused the significantly different radial binary fraction profiles observed for these
two YMCs.

We then adopt velocity dispersions for NGC 1805 and NGC 1818 of 7 and 0.7
km s~!, respectively, and total masses of log(My[Mg]) = 3.451’8;{? and 4.014+0.10
[157]. Again we estimate the total number of stars that associated with NGC 1805
as 10,000 (see Sect.3.5); for NGC 1818 we estimate a total number of member stars
within 73.7 arcsec as 14,500, this allows us to derive an average stellar mass of
m o= 0.287007(0.7175-18) M, for NGC 1805 (NGC 1818). We then estimate the
typical semi-major axis length of the binary systems in both clusters through:

_ Gm

a=-= (3.8)

where G is the gravitational constant and o is the cluster’s velocity dispersion.
Based on this formula, the binaries that are able to survive for a significant period
of time in the cluster center of NGC 1805, should harbor their semi-major axis of
order 250 AU, while that for NGC 1818 is only ~6 AU. Duquennoy et al. (1991)
explored the properties of the binaries in the solar neighborhood, found for nearby
field binary systems, their typical semi-major axes peaks at 30 AU [131]. If the same
solar neighborhood conditions also apply to the LMC field, then it may indicate a
medium value for the semi-major axes of surviving binaries.

These arguments thus support that relatively wide binaries are more easily dis-
rupted in the environment of the NGC 1818 central region, which also corroborates
the idea that dynamical evolution is likely to have acted on stars in the core of NGC
1818 and NGC 1805 (although to alesser degree). For the core of NGC 1818, because
of its severe conditions for binaries to survive, most binaries may be disrupted before
they sink towards the cluster central region, leading to a avoidance region of binary
fractions in the innermost region of NGC 1818.
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3.6 Summary on This Work

We give a brief summary on all of the results and their indications in this work: we
have used isochrone fitting and x? minimization to investigate the binary fraction
radial profile in the YMCs NGC 1805 and NGC 1818, These two independent meth-
ods all give a consistent result in each cluster. Our scientific results exhibit opposite
trends of the radial behavior of binary fractions in the inner regions of both clus-
ters: for NGC 1805, a significant decrease in the binary fraction from the central
to periphery is detected, while for NGC 1818, we found a monotonic increase of
the binary fraction with radius. We conclude that while dynamical mass segregation
and the disruption of soft binaries should compete with each other for both clusters,
timescale arguments imply that early dynamical mass segregation may already dom-
inates the dynamical processes of the core of NGC 1805, however, in NGC 1818,
its core is probably dominated by disruption of soft binary systems. We suggest that
this may be owning to the higher velocity dispersion in the NGC 1818 core, which
creates a more severe environment for binaries’ survival compare with that of the
NGC 1805 core.

As we have introduced in Chap.2, binary properties are important for under-
standing the stellar populations in SCs. Some primordial scenarios have suggested
binary population maybe the source that is responsible for abundance anomalies that
observed in most GCs [115, 127], it is thus important to know how many binaries
will have the potential to impact on stellar populations in SCs through long timescale.
Based on this work, we know at least for some YMCs, a fraction of binaries will be
disrupted rapidly during very early stage of a SC, depend on its interior environment.
That means not all binaries will be able to contribute the enhancement of abundances
to their subsequent stellar populations. In Chap.4, we will introduce another work
that focuses on the products of binaries in GCs, BSSs.
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Chapter 4
The Formation and Evolution of Blue
Straggler Stars in Globular Cluster

4.1 Introduction

In a SSP, in view of its CMD, single stars that are more massive than the MSTO
stars are expected to evolve off the MS. This is based on the assumption that all
member stars in a stellar system were to evolve in isolation and without undergo-
ing any dynamical interactions. Clearly, this assumption is not applied to SCs, as
stellar interaction of SCs is usually very frequently, especially for GCs, because
of their old age, stars that are sufficiently evolved in dynamics may have under-
gone many dynamical interactions to other stars or stellar systems. As introduced
in Chap. 3, soft binaries will be quickly disrupted in the very early stage of a SC,
the remaining hard binaries will continually interact with bulk stellar populations,
leading them become more and more compact and merge finally, the products of
binary’s merger are BSSs. In reality, if some of these binary products are more mas-
sive than the MSTO stars in a SC, they will occupy the bright MS extension [174,
175], this is why people call these objects “Blue Stragglers”. Except for the coa-
lescence of close binary companions [34, 35, 176—179], another scenario involves
direct stellar collisions was also thought as a formation channel for BSS formation
[36, 37, 178, 179].

The relative importance of these two formation channels is still poorly studied.
Knigge et al. (2009) reported a strong correlation between the number of BSSs in
cores of GGC and the associated core mass, however, only a weak correlation with the
predicted number of BSSs formed through collisions was detected [180], however,
this correlation may only be found in extremely dense GGCs. In addition, Piotto et
al. (2004) tried to find significant correlation between the global BSS frequency and
the collision rate in their sample clusters, however, no positive result was detected,
but they found that the LF of BSS is significantly different in clusters brighter and
fainter than My = —8.8 mag. On the other hand, simulations indicates that the
relative importance of stellar collision and binary mass transfer would vary as a
cluster evolves [182].
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The morphology of radial profile of the relative BSS frequency,' may be treated
as adynamical clock to a cluster’s evolution [183]. The dynamically young GCs may
have roughly flat redial profiles of relative BSS frequency (e.g., @ Cen, Palomar 14,
and NGC 2419 [183]), in those clusters, BSSs formed through binary mass transfer
[182, 184]. On the other hand, GCs with intermediate dynamical age will have the
BSS frequency’s radial profile displays a ‘bimodality’ [182—185]. In this case, stellar
collisions dominate the cluster central region, while binary mass transfer dominates
the clusters’ outer regions (e.g., 47 Tucanae, M3, and NGC 6752 [183]). The dy-
namically old GCs (e.g., M30, M75, M79, and M80 [183]) will even exhibit clear
signature of collisional formation, Ferraro et al. (2009) [186] discovered two distinct
BSS sequences in the CMD of GC M30, they found these two sequences ideally
trace the theoretical single-age stellar-collision and mass-transfer tracks, because
the collisional BSSs may not be chemically homogeneous, they will be bluer and
brighter than their fully chemically mixed counterparts (i.e., binary merger BSSs)
[187, 188].

A straightforward expectation is that for both dynamically intermediate-age and
old GCs, in the absence of any clear substructures, collisionally induced BSSs should
be preferentially located in a GC’s inner region compared with BSSs formed through
binary mass transfer. If BSSs of different origins will occupy different parts of CMD,
the distribution of the different BSS types in the CMD will thus depend on their spatial
positions. However, because the BSSs in a given GC would not form simultaneously,
the theoretically expected single-age BSS sequences would be broadened [177-179],
leading both BSS types to partially overlap in CMD. However, provided that both
populations may not be fully mixed yet, it is possible to detect two subgroups in the
CMD of a GC.

There are only few studies of extragalactic BSSs, Shara et al. (1998) detected
42 BSS candidates in the SMC cluster NGC 121, they finally confirmed 23 stars
as BSSs [189]. In the LMC clusters NGC 1466 and NGC 2257, there are 73 and
67 BSSs are detected, respectively [190]. Mackey et al. (2006) analyzed the LMC
cluster ESO121-SCO03, they found 32 BSSs [191].

Here we use the high-resolution HST/WFPC2 observations again, to investigate
the radial dependence of the BSS frequency in the LMC GC Hodge 11. We detect
a significant number of BSSs, whose radial profile of BSS frequency shows clear
bimodality in morphology. We will show that the BSSs in the inner region are bluer
and fainter on average, compare with the peripheral BSSs, which are relatively redder
and brighter, their relative distribution is consistent with the position of theoretical
‘collision sequence’ and ‘binary region’. This result offers unprecedented evidence
in support of the theoretical predictions, which also allows us to study the evolution
of the cluster’s collisionally BSS population.

The number of BSSs normalized to that of HB or RGB stars.
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4.2 Data Reduction

The datasets of Hodge 11 were obtained with the instrument of HST/WFPC2, filtered
in F555W (hereafter V) and F814W (hereafter /) bands [136]. The total exposure
times of the observational data were 435s and 960s in the V and I bands, respec-
tively. The PSF fitting photometry based on the package HSTPHOT was applied to the
scientific images [151]. The cluster center was determined as described in Sect. 3.4. A
stellar catalogue of nearby field region have been also obtained to statistically reduce
the background contamination [192]. The raw, field and decontaminated CMDs of
Hodge 11 are present in Fig. 4.1. The number of objected in the BSS region of the raw
CMD is 338; after decontamination, 176 stars are removed, finally the decontami-
nated CMD contains 162 stars in the same region. This latter sample forms the bases
of our subsequent analysis. Because BSSs are bright, the photometric catalog have
completeness of >95% in their relevant magnitude range, even in the cluster central
region. The left panel of Fig.4.2 displays the spatial distribution of all observed stars
in the Hodge 11 and its BSS population.

We divided the MS and RGB regions in the Hodge 11 CMD into 32 grids, with
their magnitude span from V = 18.3 to 27.0 mag with bin size of ~0.30 mag. In
each magnitude range, we determined the peak and corresponding 3o spread of all
stars’ color distribution, based on a Gaussion function fitting. Hodge 11 is a metal-
poor GC with [Fe/H] = —2.1 & 0.2 dex [193, 194] to —1.86 dex [195]. Adopting a
metallicity Z = 0.0002 ([Fe/H] ~ — 1.98 dex, which between the latter two values
of Hodge 11°s metallicity), and using the ridgeline, we thus obtained the best-fitting
isochrone from the Padova stellar evolutionary models [24] and calculated the MSTO
locus. The adopted best fitting cluster age is log(ryr~') = 10.07 + 0.01 (11.77)2
Gyr [190]), and the extinction is E(B — V) = 0.09 £ 0.01 mag. We adopted the
canonical LMC distance modulus, (m — M)y = 18.50 mag, which indicates that
1”7 = 0.24 pc. In Hodge 11, many of HB stars are located in the extreme blue HB,
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Fig. 4.2 (left) Spatial distribution of stars in the Hodge 11 area. Red circles BSSs. Yellow and
black (partial) concentric circles indicate radii of R = 15, 85, and 100”. (right) Corresponding
CMD, including the best-fitting isochrone (red dashed lines) [41]. Red points represent BSSs; the
inset shows the photometric uncertainties for all BSS candidates. Black points with error bars have
photometric errors AV > 0.1 mag (color uncertainties have been omitted for clarity). Thick solid
lines delineate the BSS region adopted

we have confirmed that our sample BSSs can easily be distinguished from HB stars
by adopting a minimum HB-BS difference in color and magnitude of 0.3 mag, as a
result, the HB stars and BSSs are clearly separated in the CMD (see right panel of
Fig.4.2), as the absolute photometric errors for their magnitude range are significantly
smaller than 0.3 mag.

Finally stars meet all of the following criteria will be identified as a BSSs:

1. Itis bluer and brighter than the MSTO region.

2. Its distance in CMD from the MSTO and MS ridgeline is >3o0 (o refers to the
spread in MS color distribution at the relevant magnitude range).

3. Its photometric uncertainty is <0.1 mag in both V and I bands.

The right panel of Fig.4.2 shows the CMD of Hodge 11, where the inset focuses
on the region dominated by BSSs. The red points represent BSSs candidates (after
field decontamination process). The small black points with error bars are objects
with photometric errors that are larger than 0.1 mag. These data with high uncer-
tainties may comes from the short exposure time observations, or caused by effect
of instrumental artefacts. We thus discarded these objects from our BSS sample.

4.3 Analysis and Results

The top panels of Fig.4.3 shows the cluster’s stellar number density radial profile
for all stars with V' < 25 mag. The black dashed line indicates the field’s average
density value based on the catalogue of the nearby field region. The distance where the
cluster’s monotonically decreasing number-density profile reaches the field density
has been determined as the cluster region, which is R = 102.33:; arcsec (indicated
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Fig. 4.3 (Top left) Hodge 11 number-density profile. The black dashed line indicates the average
field density, implying a cluster size of R = 102.31'% arcsec, indicated by black arrow. (Top right)
Corresponding logarithmic number-density profile. (Bottom) BSS-frequency profile (normalized to
the number of RGB stars) of Hodge 11, including Poissonian uncertainties

by black arrows). In addition to the sample of BSSs, we selected a sample containing
RGB stars in the magnitude range from V = 19.60 to 22.05 mag, which roughly
equal to the BSSs’ typical magnitude range. We normalized the number of BSSs to
the number of selected RGB stars: fgsss = Npsss/Nrgs, Where Npsss and Nrgp
are the number of BSSs and RGB stars, respectively. We then determined the radial
dependence of the BSS frequency, fgsss, which is present in the bottom panel of
Fig.4.3. The resulted BSS-frequency profile is very similar to the equivalent radial
profile in GCs 47 Tuc, M3 and NGC 6752 [184].

The number of BSSs that determined in Hodge 11 is extremely large. Ferraro et
al. (1995) summarized the number of BSSs in 26 GGCs, their results show that the
number of BSSs in GGCs span from four (NGC 5024) to 137 (NGC 5272) [196].
In Hodge 11, we detected totoally 150 BSSs within R = 100", the total number
of BSSs on all four chips of Hodge 11 observations even reaches 162. The BSSs
distribution associated with Hodge 11 is very extended, the number of BSSs located
in our outer subsample, R € [85”, 100"],is 27, this large number of BSSs strengthens
the statistical robust of our conclusions.

Mackey et al. (2003) determined the core radius of R = 12.14 &£ 0.66 arcsec
for Hodge 11 [157]. Our number-density profile of Hodge 11 also shows a relatively
sharp radial decline to R ~ 15-20". Therefore, we defined an inner BSS subsample
covering the cluster core at R < 15” (Fig.4.4, left). The open red and blue squares
in the CMD of Fig.4.4 (left) are the inner (R < 15”) and outer (R € [85”, 100”])
subsamples. We constrained the out subsample contains the same number of BSSs to
inner subsample, both them contain 27 BSSs. A distinct difference is seen between
their distribution in CMD. We also attached the separation between the two BSS
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Fig. 4.4 (left) CMD of BSs in Hodge 11. Red open squares: BSs at R < 15”; blue open squares:
BSsat R € [85”, 100"]. The black dashed line is the critical line separating the two BSS sequences
in M30 [186]; the black solid line indicates the predicted ZAMS adjusted by —0.75 mag. (right)
Evolutionary tracks of stars with masses from 1.0 to 1.6 M (bottom to top [41]) for Z = 0.0004
(closest available metallicity). Different colors indicate the evolutionary timescales for stars to
evolve from the ZAMS to their current positions. Red open squares indicate inner-sample BSs
(R < 15”) located above the locus of equal-mass binary sequence

subpopulations in M30 that detected by Ferraro et al. (2009) (dashed line [186]).
They suggested that BSSs below this ‘critical’ line might preferential result from
stellar collisions, while BSSs that above line may more prefer to have formed through
binary mass transfer.

However, because M30 and Hodge 11 have different evolutionary histories and
environments, it is not surprise that the relative distribution of our two subsamples are
not appropriately divided by the ‘critical’ line. Indeed, if we shift the zero-age main
sequence (ZAMS) upward in the CMD by 0.75 mag—roughly equal to the locus of
equal-mass binary sequence—we found that this provides an excellent separation
between these two subsamples. This result thus support the claims of Ferraro et al.
(2009) for GC M30 [186]. We also found one outer-sample BSS is located in the
‘bottom region’ (star ‘A’ in Fig. 4.4 left panel), except for the only exception, all other
26 outer sample BSSs are all located above the locus of equal-mass binary sequence.
In contrast, the inner sample BSSs only have four BSSs are unambiguously located
in this CMD region, given the photometric errors.
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4.4 Physical Implications

Because the central region of GC Hodge 11 is very crowded, the BSSs in this region
may be more likely the result of stellar collisions. On the other hand, the low num-
ber density of cluster peripheral region reners a high frequency of stellar collisions
unlikely, the BSSs in the cluster’s periphery may more prefer to originate from mass
transfer bbetween individual components in binary systems. Based on the adopted
locus of equal-mass binary sequence, the mixture of the two BSSs subsamples in
the CMD seems ‘unbalanced’: only few out-sample BSSs are found in the bottom
region, however, the inner-sample BSSs frequently penetrate to the top region. We
speculate three possible explanations for this observation:

1. The spatial distribution of the BSSs in Hodge 11 is a two-dimensional projection
of a 3D spatial distribution. Some BSSs that looks like in the central region may
not be genuine inner-sample members, but could be the result of projection of
outer-sample BSSs that close to the cluster center in the line-of-sight direction.
However, a projected outer-sample BSSs must truly far away from the center.
Based on this geometry considerations, assuming a uniform BSS distribution
in the outer annulus, R € [85”, 100”] would suggest that 4 4+ 2 (Poissonian
uncertainty) outer-sample BS be projected along the line-of-sight through the
cluster with radii R < 15”.

2. BSSs would evolve in the CMD. Although without any new dynamical interac-
tions, the BSSs in the bottom region will move upward, but the BSSs in the top area
will never move back (downward). To estimate the approximate time necessary
for BSSs to evolve from the ZAMS to the region above the locus of equal-mass
binary sequence, in Fig.4.4 (right) we show evolutionary tracks for stars of dif-
ferent masses [41]. We select those inner-sample BSSs that are located above
the locus of equal-mass binary sequence (red open squares) and compare their
position to the tracks for stars with masses from 1.0 to 1.6 M, (bottom to top; 1.6
Mg, is roughly equal to 2 Mysto). The colorbar indicates different evolutionary
timescales for stars to evolve from the ZAMS to their observed positions.

3. Although the relative frequency is small, there may still be some BSSs resulted
from binary mass transfer channel, these type of BSSs will be located in the top
region.

The object ‘A’ in Fig. 4.4 is found in the CMD’s bottom region, but its belong to
outer sample BSS. The photometric color spread also cannot explain its locus. This
star, however, could either be a projected foreground star or a collisionally formed
BSS that may have been ejected from the cluster central region [197]. Such ejected
BSSs will subsequently sink toward the cluster center again through dynamical mass
segregation. Compared with the other BSSs, this star may have a relatively low mass
due to its low luminosity, so that this process is likely still underway.
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The radial distance bias of BSSs in the Hodge 11 CMD is significant, suggesting
that our result is robust. In addition, compared with M30, the number of field BSSs
located beyond the typical region of Hodge 11 is very large. There are totally 12
BSSs are detected in the partially observed annulus R € [100”, 130”], considering
that the HST-based coverage is only 9.3% complete (for comparison, our coverage
of the actual cluster area, R < 100", is 50.2% complete), this indicates that there are
at least 130 BSSs would located in this region. If we adopt an outer boundary to the
peripheral BSS population such that all observed BSSs are included and compare
their CMD with that of the inner BSS population, the distinction between the two
samples is still significant.

Based on the assumption that all selected objects are genuine cluster BSSs, the
locus of the most massive BSS—which should originally have been located in the
‘bottom region’ of the CMD but is actually distributed above the locus of equal-mass
binary sequence—probably reflects its stellar evolution. Geometry considerations
indicate that 4 & 2 stars may be seen in projection, however, nine inner-sample BSSs
have been found crossed the locus of equal-mass binary sequence. This means that
about 5 objects could be actually evolved BSSs. If confirm, this may allow us to
evaluate their time of birth at 4-5 Gyr ago. The BSSs characterized by magnitude
between V = 21.0 and 21.5 mag may also be evolved stars. However, for BSSs that
are fainter than V = 21.5 mag, the time required to evolve to their current position
in the CMD is so long that their loci in the CMD may be caused by 2D projection of
the cluster’s 3D spatial distribution.

4.5 Conclusion

In this Chapter, we analyzed the position of BSSs in GC Hodge 11, based on the
prediction of stellar evolutionary models, BSSs resulting from stellar collisions and
from binary mass transfer should be located along two distinct sequences. However,
two well-populated sequences can only be detected if all BSSs formed in a starburst
mode in a given cluster, that is, they are all short-lived, close to their locus of ZAMS.
Long-term, continuous BSS formation will render their expected boundary less dis-
tinct. However, BSSs formed through either of these two scenarios should show the
signature of a clustercentric radial dependence in their color-magnitude space. Based
on the analysis of HST/WFPC2 observations of GC Hodge 11, we found a clear sig-
nature of such a spatial dependence. The average luminosity of inner region BSSs is
relatively lower, while BSSs in the outer region are brighter. Even when consider-
ing the impacts of 2D projection and stellar evolution, this difference is significant.
This result hence offers strong evidence in support of the theoretical prediction of
dual-mode BSS formation and allowed us to estimate their evolutionary timescales.
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Looking back to Chap. 3, we know that the initial binary disruption is very effi-
ciency for YMCs, but this dynamical process also make the survived binary systems
gradually tighter as their host cluster evolve, making the formation of mass transfer
BSSs possible. However, the number of BSSs in GCs is usually small, in Hodge 11,
we only detected hundreds of BSSs, in Fig.4.3, we know the fraction between the
number of BSSs to RGB stars is around 10%, which already represents a relatively
high BSS fraction when compare that to GGCs. Although some scenarios suggest
that binary interaction may be a solution to the ubiquitous secondary stellar popu-
lations in GCs, the small fraction of BSSs may suggest that binary merger cannot
fully explain the high fraction of secondary stellar populations in GCs. In Chap.5,
we take a GGC, 47 Tuc., as an example, we will see that it harbors a high fraction
of secondary stellar populations in its RGB sample, which also exhibits an apparent
dynamical difference between the second population stars and first population stars.
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Chapter 5
Multiple Stellar Populations in the Giant
Branches of Galactic Globular Clusters

5.1 Introduction

As introduced in Chap. 2, stars in a given SC are usually assumed to have originated
from a coeval SSP with similar metallicity (at least within a narrow range determined
by the metallicity of their progenitor molecular cloud). Although this scenario has led
to numerous very successful SC analyses, the obvious populations anomalies that
appear in both their photometric and spectroscopic properties in intermediate-age
SCs and GCs have strongly challenge the applicability of the SSP scenario [64, 65,
93, 96, 198-203].

The breakdown of the SSP model is particularly convincing for GCs, the apparent
MSPs that discovered in GCs show obvious differences in their chemical abundances
[204, 205]. Based on photometry, the MSPs in GCs are found to harbor apparent
dynamical difference: Milone et al. (2012a) found two distinct MSs in GC 47 Tuc,
they explained these two sequences as a CN-weak/O-rich/Na-poor population and a
CN-strong/O-poor/Na-rich population, where the latter population is the remnant of
the first stellar generation, which is more centrally concentrated [95]. Similar results
are also confirmed in GC M3 (NGC 5272), which harbors two RGBs that are well
separated in the CMD, which again can be explained by a N-poor/Na-poor first stellar
populations and a N-rich/Na-rich second stellar population, the letter shows apparent
higher concentration than the first stellar population [206]. More comprehensive
results was made by Lardo et al. (2011), who found for 9 GCs, their ultraviolet
red (UV-red) RGBs, which generally identified with the second stellar populations,
are more concentrated than their UV-blue counterparts, which are presumed as first
generation stars [98].

In this Chapter, I present our analysis on the stellar populations in GC 47 Tuc, we
will show that our result cements the conclusions made by Milone et al. (2012a) [95],
with a higher significance. 47 Tuc is a cluster which displays apparent MSP fea-
tures across its entire CMD. It was reported to have a clear nitrogen (N) dichotomy
[207-209]. Despite its two distinct MSs, it has been found to possess a broaden-
ing of the SGB or multiple SGBs [95, 210], as well as double or multiple RGBs
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[95, 211]. In addition, its RGB-bump and HB stars also display radial gradients,
indicates a helium-enriched second stellar population [212]. Its member stars also
harbors the well-known Na—O anticorrelation [213], indicating contamination by
products of the proton-capture process [214]. All these evidence strongly imply the
presence of more than one stellar population in 47 Tuc.

Different scenarios have been proposed to explain the secondary stellar popula-
tions; As introduced in Chap.2, they mainly invoke scenarios involving the ejecta
of rapidly rotating massive stars [32], massive binaries [115], or evolved AGB stars
[116]. Previous studies have also shown the dynamical difference between the sec-
ond stellar population stars and their first generation counterparts, where the second
generation stars are generally more centrally concentrated [30, 215, 216]. Indeed,
the results of Milone et al. (2012a) have shown that the second-population stars in
47 Tuc gradually start to dominate at increasing smaller radii based on their analysis
of RGB and HB stars [95], their conclusion was supported by Cordero et al. (2014)
through analyzing their chemical abundances [213]. The broadening of SGB stars in
47 Tuc also supports the presence of multiple stellar populations [210], but the radial
behavior of these SGB stars is not explored yet owning to the constraints inherent to
sample selection.

In this Chapter, we present a deep, large-area, near-infrared (NIR) CMD of 47
Tuc, based on the observation of 4 m Visible and Infrared Survey Telescope for
Astronomy (VISTA). The SGB and RGB of 47 Tuc in the NIR CMD are signif-
icantly broadened, which cannot be explained by the combination of photometric
uncertainties and differential extinction. Compare with the results of Milone et al.
(2012a) [95], we find a more obvious color bias in the RGB’s radial behavior, the
average color of the RGB stars at large radii is significantly bluer than their innermost
sample, which strongly indicates that the two RGB populations contain significantly
different fractions of second population stars. We also find that the SGB stars in the
periphery are systematically brighter than their innermost counterparts. The combi-
nation of these features is striking, which can even be seen based on a single glance
at the global CMD. Our NIR observations of 47 Tuc covers a very large field, which
reaches a maximum distance to the cluster center of 4000, thus enable us to well
characterize the effects of background contamination. This Chapter is organized as
follows, in Sect. 5.2, we introduce the data reduction approach. Section 5.3 contains
our main results, the discussion to these results are present in Sect.5.4. In Sect. 5.4,
I summarize all possible things that we can learn from these chapter.

5.2 Data Reduction and Analysis

The dataset that analyzed in this work was obtained from the VISTA NIR Y, J, K|
survey of Magellanic System (VMC!; PI M.-R. L. Cioni: see [218]). The time range
of this survey last 5 yr, and it started in November 2009. The main goals of this

Thitp:/star.herts.ac.uk/mcioni/vmc.
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survey and its first data are also included in Cioni et al. (2011) [218]. The GC 47
Tuc is fortuitously located in front of the SMC, on VMC tile “SMC 5_2". The
VMC images were reduced by the Cambridge Astronomy Survey Unit based on the
pipeline of VISTA Data Flow System (VDES) [219]. Our photometry is based on
PSF technique, starting from the raw VMC images. We selected epochs with limited
seeing inhomogeneities for both three filters (Y, J, K). The reduced data, containing
two epochs in Y and J and nine in K, are PSF-homogenized and combined to obtain
a deep tile image. We performed PSF photometry on the deep image of tile SMC
5_2 based on the IRAF DAOPHOT package. The PSF and ALLSTAR tasks were used
to generate PSF models and perform the photometry. The aperture corrections have
been performed based on catalogs retrieved from the VISTA Science Archive [220]
for the bulk of the observed stars.

In this work, we focus on the (Y, Y — K) CMD of 47 Tuc, because the features of
interest are most apparent in this CMD. We have also confirmed that our conclusions
also hold based on the analysis of the (Y, Y — J) and (J, J — K) CMDs, although
with less significance. The observations cover an area of roughly 1.2 x 5 deg?, the
bulk of GC 47 Tuc stars are located toward the southwest of the observed image, pro-
viding the opposite corner of the field as a suitable region for statistically background
decontamination. 47 Tuc is extremely large and crowded, our observed data contains
more than 300,000 stars with ¥ € [11.0, 25.5] mag. Almost all of the more massive
(m, = 0.88M), bright (Y < 13 mag) cluster stars are contained within the central
region owing to the effects of mass segregation [136—138]. These segregated bright
stars dramatically increase the background magnitude in the cluster core region, mak-
ing almost all stars fainter than ¥ ~ 13-15 mag fade into the background. Because
of this, we only use 3071 stars brighter than ¥ = 13.0 mag to determine the cluster
center, the approach we used to determine cluster center is similar to that described in
Sect. 3.2, the resulting center coordinates are a0 = 00124™04.80°(6.020°; statis-
tical uncertainty 0.007° = 25"), 82000 = —72°04’48”(—72.080° + 0.006° = 20/).
As we only select the top bright stars to explore their geometric center in spatial, we
confirmed that this adoption will introduce negligible biases, because the member
stars of old GCs should all have adapted their kinematics to be in equilibrium, thus
presuming both the bright stars and fainter stars would experience the same gravi-
tational potential is reasonable. Our results is also consistent with previous studies
[221-223].

We then selected a circle region centered at a0 = 00"31™59.00°(8.00°),
82000 = —71°4200”(—=71.70°), with a radius of 600", to calculate the background
stellar number density, we again constrain our sample with stars that are brighter than
Y = 13.0 mag. Most of stars in this region are foreground MW and background SMC
stars. Based on the assessment of the cluster’s extended radial profile, we estimate
that the contamination by 47 Tuc member at these large radii is «15%, this thus
supports that the adopted field region is a suitable choice for background decontami-
nation. In addition, the center of the field is located more than 2400” from the cluster
center, this distance is close to the cluster’s tidal radius (r, = 56 pc = 2500” [224,
225]), indicating this region should be mainly dominated by background stars rather
than cluster member stars. We cannot rule out the presence of extratidal stars from 47
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Fig. 5.1 Spatial distribution of 47 Tuc stars that are brighter than ¥ = 17.0 mag. Cluster stars are
indicated by color circles, with their color represent corresponding distance to the cluster center,
the maximum distance of cluster stars reaches 1200”, the filled black circles represent stars in the
adopted field region, with a radius of 600"

Tuc, previous work have predicted that 47 Tuc may exhibit at least one extratidal tail
that cross from the northwest to the southeast of the observed filed in this work [225].
Indeed, we do found that the stellar number density in the southeast region is higher
than that in the northeast. The comparison between the cluster’s stellar number den-
sity and that of the background field reports that at the radius of Ry = 1220 + 20",
the cluster’s stellar number density becomes indistinguishable from the background
level. We thus adopted a cluster “size” of 1200” for further study, this value is equal
to approximately 50% of its tidal radius. This choice is kind of conservative, because
we excluded the brightest stars from our analysis. The dynamical mass segregation
will cause an underestimation of the “bright” cluster size compared with its homo-
geneous stellar sample. Figure 5.1 shows the stellar spatial distribution of stars with
Y < 17 mag. Stars in the adopted field region are highlighted by black filled circles,
while the cluster stars are indicated by color circles, where the color also represent
their relative distance to cluster center.

We next adopted the most suitable isochrone to describe the resulted CMD, using
the PGPUC stellar evolution code? [17, 226]. We adopted a typical age for 47 Tuc of
12.5 Gyr (log(t yr’l) = 10.10 [221, 227-229]), the derived best fitting metallicity
is Z = 0.0042 or [Fe/H] = —0.55 dex, which is consistent with the determination
of Natef et al. (2011) [212]. The average extinction is E(B — V) = 0.04 mag, based
on the fixed age and metallicity [210, 213, 224]. Another parameter that requested
by PGPUC model is the [«a/Fe] ratio, Carretta et al. (2009) have determined [«/Fe] =
0.40 dex for 47 Tuc, we thus adopted the maximum available value of [«/Fe] = 0.30

Zhttp://www2.astro.puc.cl/pgpuc/iso.php, PGPUC model assumes Z¢, = 0.0152.
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dex, to generate the most representative isochrone for 47 Tuc; we confirmed that
this offset will not introduce significant fitting problems. Based on all these input
parameters, the best-fitting distance modulus to 47 Tuc is (m — M)y = 13.40 £ 0.10
mag [224, 227, 229].

As illustrated in Fig. 5.1, we selected stars from a suitably chosen nearby region as
field reference to statistically correct background contamination. The field region is
a circular area with a radius of 600", which corresponds to one quarter of the adopted
cluster area. We compared the CMD of field region with that of the cluster, for each
star in the CMD of the field region, we removed the closest four counterparts in the
corresponding cluster CMD. Because we mainly focus on SGB and RGB region,
which are relatively bright compare to the typical magnitude of field stars, we found
only very few of field stars in the region adopted for decontamination are this bright.

Figure 5.2 presents the decontaminated cluster’s CMD, as well as the best fitting
isochrone derived from the PGPUC model. The color scale indicates the distance
to the cluster center (in arcsec). In this figure, even at a quick glance, one will
immediately found a systematic difference between the cluster stars in the central
region and in the outskirt. Even if we ignore the MS stars with lower accuracy
owning to the low completeness at cluster’s core region (see Fig.5.3), the SGB
and RGB stars still display a clear difference as a function of radius in their color-
magnitude distribution. SGB stars with large radii are systematically brighter than
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Fig. 5.2 The decontaminated CMD of 47 Tuc, showing only stars with photometric uncertainties

of <0.02 mag. The color bar represents the distance to the cluster center (in arcsec). The red solid
line represents the best-fitting isochrone
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inner SGB stars (with small radii); they also join the RGB at clearly bluer colors
compared with the color range of the central RGB stars, indicating higher surface
temperatures for these outer sample objects. We have constrained all stars shown in
Fig.5.2 have photometric uncertainties not higher than 0.02 mag. It is thus clear that
the observed broadening morphology of both the SGB and the RGB are not owning
to the photometric dispersions.

Given that both the significant mass segregation and stellar blending due to crowd-
ing effects will dramatically complicate the physical conditions pf 47 Tuc observa-
tions, most faint stars have large photometric uncertainties, while some brightest
stars (in particular for those with K < 11.5 mag) are partially saturated. We there-
fore removed stars that have photometric uncertainties exceed 0.02 mag in all three
filters. This finally selected out sample that contained the ~30% of stars with the
highest-accuracy photometry in the corresponding magnitude range. The crowding
will also make centrally located stars have larger errors, in order to quantify the
possible bias that may be caused by crowding, we used AS tests to explore the sys-
tematic effects of crowding on the photometric uncertainties in the resulting PSF
photometry. We added 7.2 x 10° ASs to the raw image, then we measured these ASs
in the same manner as our sample of real stars. The number of ASs that we input to
the raw image is roughly 20 times larger than the number of real stars. To avoid a
situation in which the ASs affect the background level and crowding, each time we
only add 3500 stars to the raw image. We confirmed that the effects of ASs blending
with other ASs are negligible. For ASs, their spatial distribution as well as distribu-
tion in the CMD is similar to the real distribution. The resulting AS catalog contains
the input and output magnitudes, and corresponding photometric errors computed
as output—input magnitudes. Based on the AS tests, we found that the positions in
the CMD of the SGB and RGB stars are negligibly affected, but it indeed becomes
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important for stars that are fainter than the MSTO. Our results hence confirm that
the spread in the SGB/RGB is caused by physical reality rather than the effect of
blending.

The AS tests also provide us the photometric completeness of stellar catalog. In
this case, we generated artificial stars that were homogeneously distributed across
the entire region of observations. Those output ASs with no photometric magnitude
or with output magnitude that are significantly different to their input magnitude
with more than five times their photometric uncertainties were counted as not be
recovered, thus contributing the incompleteness. Figure 5.3 shows the cumulative
2D completeness contour figure as a function of both radius and ¥ band magnitude.

5.3 Main Results

5.3.1 Sub-giant Branch Stars

We firstly take our analysis on the region occupied by the SGB stars. We select a box
delineated by Y € [15.5, 16.7] magand 0.70 < (¥ — K;) < 0.85 mag. The selection
of this region is quite arbitrary, we only ensure that the region contains most SGB
stars. We further impose a maximum photometric uncertainty of 0.015 mag for the
select SGB sample owning to their more accurate nature than the faint MS stars.
This constraint finally leaves us with the ~30% of stars with the highest-accuracy
photometry in the total sample.

We subsequently adopt the cluster-wide ridge line as standard model, the ridge
line of the SGB is the loci of the maximum stellar number density as a function of
color. After that we calculate the magnitude deviation with respect to the ridge line
for all selected SGB stars, AY = Ysgp — Yiso. The resulting magnitude distribution
is described by a Gaussian function with o,y ~ 0.18 mag. We rule out stars that
were found beyond 304y = 0.54 mag of the ridge line, this finally result in a sample
contains 1389 stars: see Fig.5.4.

InFig. 5.4, one can see that the SGB stars in the cluster’s outskirt are systematically
found above the ridge line, indicates that they are brighter compared with their more
centrally located counterparts. We subsequently divide the SGB sample into five
rings as a function of radius to explore whether their magnitude dispersion varies
with radius. The four boundaries between these five annuli were set at 340”7, 4507,
590", and 800", which resulted in stellar numbers per radial bin span from 269 to
283. For each radial bin, we calculate the distribution of their magnitude dispersion,
normalized to the total number of stars in that bin. This is actually the probability
distribution of AY in each radial bin, as shown in Fig.5.5.

Figure 5.5 shows that the SGB stars in the innermost radial bin (top panel) are sys-
tematically fainter (AY > 0 mag) than their peripheral SGB sample (bottom panel).
The average magnitude of the bulk of the SGB stars becomes gradually brighter
(AY < 0 mag) as a function of increasing radius. The magnitude dispersion of cen-
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Fig. 5.4 CMD of the
adopted SGB stars. The
colorbar indicates their
distance to the cluster center
(in arcsec). The minimum
radius attainable is ~150”
owning to sampling
incompleteness in the cluster
core. All stars have
magnitudes within

30y = 0.54 mag of the
SGB ridge line

Fig. 5.5 Probability
distribution of AY as a
function of radius for SGB
stars in 47 Tuc. The radial
bins from the cluster’s inner
regions to its outskirts are
labeled
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tral sample is also larger than that of the peripheral SGB sample. This is not surprise,
as the observed stellar distribution in 47 Tuc is a 2D projection onto the plane of
the sky: the stars in the peripheral sample are located far from the cluster center, but
the innermost stars will be significantly contaminated by stars that are physically
located at large radii. If the properties of SGB stars in the peripheral sample differ
systematically from those in the central sample, the contaminated innermost sample
will therefore display a large dispersion in magnitude distribution.

Blending of unresolved stars in the line-of-sight direction will also cause a dis-
persion of SGB stars to brighter magnitude. The blending frequency is expected
higher in the cluster innermost regions than peripheral regions as the central region
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Fig. 5.6 CMD of the SGB stars at R < 340" in 47 Tuc (red solid squares) and the outermost
SGB stars (R € [800”, 1200"]: blue solid squares). The grey squares represent all SGB stars in our
sample

has higher stellar number density. Both of these effects will cause a bias to brighter
magnitude for the innermost sample of SGB stars. Because of this, the observed
magnitude distribution for the innermost SGB stars should have higher dispersion
than their intrinsic distribution. In Fig.5.6 we show the CMD of innermost SGB
stars (R < 340”) and outermost SGB stars (R € [800”, 1200"]). It is clear that the
innermost SGB stars are more dispersed in their magnitude distribution than the
outermost SGB stars, both samples are apparently different.

Using a Monte Carlo method, we estimate how many projected stars at large radii
will contaminate the stellar sample drawn from the central regions. For example,
if we want to calculate the contamination fraction of SGB stars in the ring defined
by R; < R < R,, we first calculate how many SGB stars are located at R > R»,
defined as N = N(R > R,). Then we assume that these N stars are located in a
three-dimensional (3D) spherical shell at R, < R < Ry, where Ry = 1200” is the
cluster size. The stellar density at this spherical shell is

3N

T 4RI -R) e-D

P

We subsequently generate a 3D spherical cluster of Ry, which contains Ny =
(47 R} /3) x p fake stars. The fake stars are homogeneously distributed with den-
sity p, we then randomly select a direction to represent the line-of-sight direction,
in this direction, the number of stars that located at R > R, that are projected at
Ri < Ryoj < R, is referred to as Npj. For each radial bin, we repeat this process
10 times to obtain the average Ny, Which thus represents an approximate projected
number of stars in the radial annulus of interest.
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Table 5.1 Contamination due to line-of-sight projection for SGB and RGB stars as a function of
radius

SGB stars Jproj (%) RGB stars Jproj (%)
R < 340" 36.40 R <260 29.00
R € [340”,450"] 20.82 R € [2607,370"] 20.55
R € [450”,590"] 20.42 R € [370”,510"] 19.46
R € [590”, 800"] 15.87 R € [510”,730"] 16.26

Based on this method, we can quantify the resulting ratio of the projected conta-
mination. For example, for the sample drawn from the (projected) innermost radii,
R < 340", 103 stars are actually physically located at R > 340”. While for the radial
range 590” < R < 800", only 43 stars are actually located beyond R = 800" along
the line-of-sight direction. After normalize the number of contaminated stars to the
total number of stars in each projected radial bin, we find that the 2D projection
contamination fraction decreases from 36% for innermost radii (R < 340”) to 16%
for the penultimate radial range (590" < R < 800", we have assumed that for radii
800” < R < 1200, the effects of projection are negligible). Clearly, as almost half
of the central SGB stars are actually peripheral stars that have been projected along
the line-of-sight, it is thus not strange that the innermost SGB stars have a larger
magnitude dispersion than peripheral sample(s). Table 5.1 includes the details of
projected contamination fraction that derived from our method.

A more intuitive 2D contour figure of the SGB stars’ probability distribution,
P(AY, R), as a function of AY and radius, is present in Fig.5.7. This figure strongly
indicates that there are at least two SGB populations in 47 Tuc, where their relative
fractions of which clearly display a gradual change in terms of their magnitude. One
population may be mainly concentrated at radii between R = 600” and R = 900",
while the other one peaks between R = 400” and R = 500”. It is possible that there is
a third peak that is associated with the innermost cluster regions, but the significant
magnitude dispersion caused by 2D projected contamination and blending masks
the significance of such a feature. It is also clear that the typical magnitude of the
innermost and peripheral SGB stars are characterized by an offset of ~0.2 mag.

5.3.2 Red-Giant Branch Stars

Another striking feature appears in 47 Tuc’s RGB, which shows a trend between RGB
color and radius. Bluer RGB stars are preferentially located in the cluster’s outskirt
while the innermost RGB stars are apparently redder. This trend is particularly appar-
ent for stars located close to the bottom of the RGB. We defined a box that included
most stars at the bottom of the RGB, covering the region of 14.3 < Y < 15.8 mag
and 0.7 < (Y — K,) < 1.2 mag. We again confine all our analyzed sample stars have
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their photometric errors smaller than 0.015 mag. Like what we have done for SGB
stars, we adopted the cluster-wide ridge line and calculate the color deviation to this
ridge line for the selected RGB stars, A(Y — K;) = (Y — K¢)rg — (Y — Ky)iso.- We
again used a Gaussian function to fit the distribution of the color dispersion, charac-
terized by a standard deviation of o4y—g,) = 0.045 mag. Finally we only consider
1850 RGB stars that are found within 30 = 0.135 mag of the ridge line. Figure 5.8
shows the zoomed-in CMD of the RGB region for 47 Tuc.

The next procedure is similar to what we have performed for SGB stars. We
divided all RGB stars into five radial bins, with boundaries at 260”, 370", 510", and
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730", the number of RGB stars in these bins span from 365 to 377. We subsequently
calculated the A(Y — K) probability distributions, which is present in Fig. 5.9. Our
result shows that the RGB gradually becomes bluer as a function of increasing radius,
indicating that the peripheral RGB stars are systematically hotter than their innermost
counterparts. Like SGB stars, the innermost RGB is quite dispersed compared with
the RGB stars at larger radii. As we already explained, this is most likely due to
contamination from projected RGB stars that are physically located at large(r) radii.
The blending effect may also change the photometric colors of the RGB stars, but
because the RGB is almost vertical, blending will most likely lead to a magnitude
shift.

Figure 5.10 shows a comparison between the innermost RGB sample (R < 260”)
and outermost RGB sample (730" < R < 1200”) in their CMD. Similar to what we
have observed in the SGB region, both RGB samples occupy apparently different
loci in the CMD, with almost all peripheral RGB stars being bluer than the ridge
line.

A 2D contour figure of the probability distribution of RGB stars, as a function of
both A(Y — K;) and radius, is present in Fig. 5.11. It is obvious that the average color
and its corresponding dispersion gradually evolve from the cluster’s outskirts to the
central regions. The CMD of the RGB stars located at large radii is systematically
narrower and bluer than that of their inner-sample counterparts. The probability
distribution exhibits a continuous ridge from the cluster’s outermost regions to R ~
500", followed by a peak between R = 200" and R = 400" and a increased color
dispersion in the innermost regions. Such a large color dispersion cannot be solely
caused by an intrinsic photometric dispersion, as we have already constrained the
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Fig. 5.11 As Fig.5.7, but for RGB stars’ probability distribution as a function of A(Y — K;) and
radius

photometric uncertainties of all sample stars to <0.015 mag. The observed spread of
A(Y — Kj) is five times the allowed maximum photometric broadening. We again
use the Monte Carlo method to calculate the contamination fraction due to projection
at different radial ranges (see Table5.1).
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5.4 Physical Inplications

We first discuss if the differential reddening is the dominant cause of the observed
trend for the SGB and RGB stars in 47 Tuc. We obtained the extinction map of the 47
Tuc area from the IRAS/DIRBE database based on the NASA/IPAC Infrared Science
Archive [230-232]. Given that the native spatial resolution of the database is on the
order of an arcminute, that means all details within the cluster region are smoothed.
The radius of the cluster region that adopted in this work is about 20’, while the radial
bins that used for the analysis are smaller than 5, so we could still potentially resolve
the dust substructures in the cluster. Also the spread on the lower RGB is larger than
that higher up on the RGB, which cannot be explained by extinction effects. We
measured the extinction distribution from the cluster innermost region to R = 1200”
in radial steps of 5'. The extinction map reports that the average extinction in this
region varies from E(B — V) =~ 0.027 mag to 0.028 mag, clearly, this is negligible
in the context of the observed broadening of both the SGB and RGB in the CMD of
47 Tuc. This is also supported by previous work [233].

In addition, it has been proved that RGB stars in 47 Tuc will not produce dust
[235]. Also Bonatto et al. (2013) map the differential reddening in 66 GCs (including
47 Tuc), they conclude that the main source of differential reddening is interstellar
rather than intracluster dust [236].

Milone et al. (2012a) attribute the double MS in 47 Tuc to helium and nitrogen
enhancements, which indicates that the second stellar population formed from mate-
rial that had been polluted by first population stars. This is also found in the GC
NGC 6656 (M22), which was reported to contain N-rich but CO-depleted second-
generation stars [237, 238]. Variations in C+N+O abundances may also cause a
broadening of GC SGB features, as differences among CNO-group elements will
change the relative strength of their compound absorption lines (e.g., OH, NH, CN
and CH) [228]. Optical filters with central wavelengths between 3500 A and 4500
A are sensitive to these absorption lines [95]. Therefore the CNO variations may
introduce an additional broadening of CMD features in optical range. However, our
datasets were based on NIR Y and K bands observations, which are characterized by
effective wavelengths peak at 1.02 and 2.15 pm, respectively. It is thus impossible to
resolve CNO differences in SGB and RGB features in the 47 Tuc (Y, Y — K) CMD.

The ejecta of first population stars will contaminate the second generation stars,
thus producing o enhancement. However, previous analyses have excluded any sig-
nificant [« /Fe] dispersion in 47 Tuc [83]. We nevertheless explored the impacts of
[ce/Fe] variations. Based on PGPUC model, we adopted isochrones characterized by
[r/Fe] = 0.0 — 0.3 dex for comparison, the result shows that there is no signifi-
cantly change between the isochrone’s morphology in either SGB or RGB phases.
Because the effects of [«/Fe] differences is negligible, we thus adopt a fixed [«/Fe]
=0.30 dex.

As already suggested by Milone et al. (2012a) [95], the most straightforward
explanation of the observed radial trends in the magnitude of SGB stars and colors
of RGB stars in 47 Tuc, is the presence of MSPs. Indeed, they found the apparent
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triple MSs in 47 Tuc can be explained by a significant helium dispersion, Y =
0.256 — 0.288, which is consistent with that of Nataf et al. (2011) [212]. Note that
these authors did not base their conclusions on the cluster’s SGB and RGB stars,
which is explored in this work.

Another parameter that may affect the morphologies of SGB and RGB is the
stellar metallicity. Lots of studies have explored this issue, going back to Brown and
Wallerstein (1992), who studied four giant-branch stars in 47 Tuc, found the minimum
and maximum [Fe/H] abundance of —0.88 and —0.69 dex, respectively, or Z ranging
from ~0.0020 to 0.0031 [239]. Subsequent spectroscopic observations of three 47
Tuc RGB stars report a mean [Fe/H] abundance of —0.70 +0.03 (Z = 0.0028 —
0.0033) [240]. Given that these studies only based on small numbers of stars, which
cannot used to infer statistically robust results. More recent observations based on
analysis of three dwarfs and nine subgiant stars confirmed an [Fe/H] range from
—0.59 dex to —0.78 dex (Z = 0.0026 — 0.0041) [84]. Another study of eight RGB
and one MSTO stars shows the most representative metallicity, [Fe/H] = —0.76 +
0.05 dex, which is equivalent to a Z range from 0.0024 to 0.0030 [241].

The metallicity as well as its dispersion derived from photometric measurements
is usually higher than that from spectroscopic studies. Salaris et al. (2007) used
the BaSTI models to analyze their photometric observations of 47 Tuc, yielding a
metallicity of Z = 0.004 & 0.001 [233]. Nataf et al. (2011) explored the 47 Tuc
RGB bump stars and claimed that a model with [M/H] = —0.50 or —0.52 dex is
the best fitting model (corresponding to [Fe/H] = —0.53 or —0.55 dex for [M/H] =
0.95 [Fe/H]) [212]. Anderson et al. (2009) investigated the spread among the SGB
stars, they conclude that a metallicity dispersion of 0.10 dex is required if metallicity
is the only driver of the observed spread. The differences between the metallicity
derived from photometric studies and spectroscopic analyses may be owning to an
inherent selection bias that predominantly affects spectroscopic observations, as the
samples that used for spectroscopic analyses are usually located far from the cluster
center to avoid the effect of crowding. For instance, Carretta et al. (2004) selected
all their sample stars at distances greater than 800" from the 47 Tuc center [83].
In this work, we adopt Z = 0.0041 from Carretta et al. (2004) as the typical 47
Tuc metallicity [83], but we assume that the metallicity dispersion is represented by
that derived from the photometric analyses, Ae/n; ~ 0.10 dex (corresponding to
Z =0.0033 — 0.0051).

Using a Monte Carlo method, we mimic the distribution in CMD of the observed
SGB and RGB stars based on two suitable ‘bracketing’ isochrones. We follow the a
reasonable assumption that the helium-rich stellar population should also be metal-
licity enriched. The adopted metallicity dispersion is based on the literature for our
model isochrones, i.e., Z = 0.0033 — 0.0051 and Y = 0.25 — 0.28. The helium and
metallicity abundances should be varies only between these two values. We also
considered the presence of an age dispersion among the cluster’s member stars. At
the typical age of 47 Tuc, a very small fraction of age dispersion represents a long
time span, which may be enough for the most massive first population stars to evolve
to late evolutionary stages. Previous studies have suggested a possible age spread
among 47 Tuc member stars of order 1 Gyr (~12-13 Gyr [228]). Gratton et al.
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Fig. 5.12 Isochrone fits of a first stellar population (black solid line), described by a old age,
normal helium and metal abundances, as well as a second stellar population, described by a young
age, enriched helium and metal abundances (black dashed line). The color bar indicates the stars’
distance to cluster center (in arcsec)

(2003) have determined a model-dependent age for 47 Tuc of either 11.2 £ 1.1 Gyr
or 10.8 £ 1.1 Gyr [242]. Zoccali et al.(2001) determined an age of 13 £ 2.5 Gyr
for 47 Tuc [227]. Recent papers have reported smaller age spreads, with a typical
age span of 12.8 0.6 Gyr [243], 12.75 £ 0.5 Gyr [244] and 11.75 £ 0.25 Gyr
[245]. We therefore conservatively adopt a minimum age spread of 0.25 Gyr to our
model, e.g., 12.50 £ 0.25 Gyr. We then generate an artificial 47 Tuc CMD defined
by Y=10.25—-0.28, Z = 0.0033 — 0.0051, and an age range of 12.25-12.75 Gyr.
We present the corresponding range in best-fitting isochrones in Fig. 5.12.

We found if we only mimic stars with photometric errors of up to 0.015 mag,
we will failed to reproduce the observations. This again confirms that the observed
SGB and RGB broadening is not solely owning to photometric errors but caused by
a dispersion in stellar populations. Note that 1oy and loay—k,) dispersions of the
SGB and RGB stars are 0.18 and 0.045 mag, which are dramatically larger than the
dispersions derived from typical photometric uncertainties. The observed dramatic
dispersion should be caused by the combination of photometric uncertainties and a
dispersion in stellar-generation properties (age, helium abundance, and metallicity).
In order to avoid complications associated with adopting a full age range, we assume
that the bulk of the cluster stars are adequately resembled by two distinct populations
of stars (but see below), but we relax their dispersions to cover 0.50,y = 0.090 mag
and 0.504(y—k,) = 0.022 mag for the simulated SGB and RGB stars, respectively,
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Fig. 5.13 Top left Observed CMD of overall SGB stars. Top right Simulated CMD of SGB stars.
Bottom left CMDs of observed innermost SGB stars (R < 340": blue squares) and outermost
SGB stars (R € [730”, 1200"]: red squares). Bottom right CMDs of simulated innermost SGB and
outermost SGB stars

which still reproduces two apparent branches in the CMD. Figures 5.13 and 5.14 show
the simulated CMDs for the SGB and RGB stars (right-hand panels) and observations
(left-hand panels), respectively. The top two panels represent the overall comparison,
while the bottom two panels only display the observed inner- and outermost samples,
as well as their corresponding simulated counterparts. The simulated SGB and RGB
samples have the same number of stars as the observations. We have adopted a flat
magnitude distribution, as the magnitude range of the SGB stars is very narrow, and
for the RGB stars we only concerned with their color distribution, thus any difference
in their LF will not affect our analysis. We also confirmed that the observed LF of
observed RGB stars is close to flat.

Instead of visual inspection, we quantify the similarity between the observations
and simulations using x> minimization. At a given radius, we assume that the sim-
ulated CMD is composed by a certain fraction of first-generation stars, fr;. The
remainder of the stellar population at this radius then follows the second-generation
isochrone, characterized by a fraction f;, = 1 — f;. We then use the adopted ridge
line (see Figs.5.4 and 5.8) to calculate the probability distributions of AY and of
A(Y — Kj) for the simulated SGB and RGB stars, respectively. As a function of
radius, we then calculate the X2 value through the formula below,

N —N 2
X2 — Z %’ (5.2)

n
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Fig. 5.14 As Fig.5.13, but for RGB stars

Here N’ and N indicates the simulated and observed number of stars in different
AY or A(Y — Kj) bins (for SGB and RGB stars, respectively), and n is the number
of bins. The x? value represents the level of similarity between the simulated and
observed CMDs. We adopt the f;, range from 5 to 95% and find out the minimum
x? value. Using a parabolic function to describe the resulted x2( ffe) distribution,
we thus determine the corresponding minimum y? value and its 1o uncertainty,
which corresponds to the difference between x2, and x2. + 1 (see Sect.3.4). This
procedure has been repeated 100 times for each radius to smooth the x2 curve as a
function of ft,.

Figures5.15 and 5.16 show the calculated yx? distributions for different input
fractions of f, at different radius, the best-fitting parabolic curves for the SGB and
RGB samples are attached as well. From top to bottom, the panels show the results
for the innermost to outermost samples; the arrows indicate the placement of the best-
fitting best-fitting f;, fractions. For both the SGB and RGB stars, the best-fitting ft,
fractions for the outmost samples are beyond 100%, based on the indication of y?
distributions, which indicates that at those radii, the composition of 47 Tuc is close
to expected for a SSP. It is also apparent that for both the SGB and RGB samples,
the first-generation stars only occupy a minor fraction in the inner region, but this
fraction increases significantly toward the cluster’s outskirts, reaching 100% at the
adopted outer boundary, R = 1200".

In Fig.5.17 we show the radial profile of best-fitting ff, fraction, for both the
SGB stars (blue squares with black solid line) and RGB stars (red squares with
black dashed line). The error bars are the 1o statistical uncertainties, which are all


http://dx.doi.org/10.1007/978-981-10-5681-9_3

5.4 Physical Inplications 83

Fig. 5.15 X2 as a function 300 - .
of fts for the SGB stars. e
200 + sm
From top to bottom, panels T
represent the results from the 100 F-wnn Yog o mw e o .
innermost to outermost : : : : ;
regions of the cluster. The 0 0.2 0.4 0.6 0.8 !
black dashed curve 300 =
represents the best-fitting 200 L , ST
parabolic function; arrows S ;, € (260, 370"
P 100 | e , :
indicate the placements of R 2N
fre which correspond to the 0 0 02 04 06 03 |
minimum x?2 value. The ’ ’ ’ ’
bottom panel has a best e
fitting ff; of 100% o8 100 F Pl
BT Ceem T REp, 510
0 1 1 1 1 )
0 0.2 0.4 0.6 0.8 1
300
~n R€ [5107,730"]
200 - LR u
100 | T g -
0 ; i e i
0 0.2 0.4 0.6 0.8 1
2000 ¢
BTN R € [730",1200"]
1000 | R X TN
-~I‘.‘.>.>.‘.~
0 ; i i i ¥
0 0.2 0.4 0.6 0.8 1
ffg

smaller than 5.5%. The innermost sample is only composed of a minor fraction of
first-generation stars, while it appears that the outermost region is fully described by
a SSP. In addition, both the SGB and RGB stars exhibit consistent trends in ff, from
R ~ 400" to R ~ 600", which strongly implies that they form intrinsically uniform
samples. However, compared with the SGB stars, the RGB stars in the innermost
region show arelatively large f;, fraction, which may be owning to the large projected
contamination and small completeness in the central region. We summarize all these
statements quantitatively in Table 5.2.

In summary, the distribution of observed SGB and RGB stars in GC 47 Tuc
CMD can be well explained if the cluster’s SGB and RGB stars in the outer regions
are normal in helium abundance and metallicity, while their more centrally located
counterparts are helium and metallicity enriched.

Our results confirm the presence of second stellar population in 47 Tuc. Milone et
al. (2012a) calculated the number fraction of red RGB stars (the “RGBb” component
in their work), which increases from the cluster’s periphery (RGBb/RGB ~ 60%)
to central region (RGBb/RGB ~ 80%), but their analysis shows that the average
RGB color and dispersion remain constant [95]. A similar result also shows that the
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Fig.5.16 As Fig.5.16, but
for the sample of RGB stars

Fig. 5.17 The radial profile
of best-fitting f, fraction for
SGB stars (blue squares
associated with solid line)
and RGB stars (red squares
associated with dashed line)
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Table 5.2 Best-fitting f, fractions as a function of radius

SGB stars fig (%) RGB stars fie (%)
R < 340" 9.02 R <260 21.50
R € [340”,450"] 24.50 R € [2607,370"] 11.10
R € [450”,590"] 55.57 R € [370”,510"] 40.20
R € [590”, 800"] 94.31 R € [510”,730"] 76.00
R € [800”, 1200"] 100 R € [730”,1200"] 100

fraction of RGBDb stars increases from ~40 to ~90% from the cluster’s outskirts to
its central regions [213]. Based on the NIR CMD of 47 Tuc, our analysis yields a
fraction of 5-10% in the outermost region to ~90% in the cluster central region. This
is even more significant trend as that reported by these previous works. Our result is
also consistent with the predictions derived from N-body simulations [217].

This scenario is supported by the observed spatial distributions of the SGB and
RGB stars. The second stellar population stars would preferentially form within the
denser core region of a cluster, and their clearly difference in radial distributions
suggest that the second stellar population stars may originally have been dominated
(in terms of stellar numbers) by first-generation stars, but that these first population
stars subsequently somehow evaporated from the cluster. This may be caused by
expansion of the cluster triggered by either Type II supernovae [215, 216] or tidal
stripping [95], which finally led to a stellar system with second stellar population
stars dominated the cluster central regions.

Our analysis is the first investigation of the radial behavior of the MSPs of SGB
stars in 47 Tuc, which suggests a helium abundance dispersion of AY = 0.03 (also
see [210]). This helium enhancement may be most significant near R ~ 500", as
indicated by Fig.5.7, where two clear peaks appear on either side of this radius.
Our simulation results confirms this result as well: for both SGB and RGB stars,
the f;, fractions increase significantly from R ~ 400" to R ~ 600", well covering
the positions of these two peaks. This strongly indicates that pollution by a second
population stars becomes significant at these radii. The discovery of a helium-rich
stellar population with higher centrally concentration is also consistent with previous
analysis [30, 212, 246]. The derived enriched metallicity may indicate an origin
related to the ejecta of massive stars [32, 115, 116, 213].

5.5 Conclusion

Based on the analysis of a deep, wide-area, NIR CMD of 47 Tuc obtained with
the VISTA telescope. Apparent difference are found between SGB and RGB stars
in cluster’s outermost regions compared with its innermost regions. The peripheral
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SGB stars are significantly brighter than the SGB stars in the cluster region. RGB
stars in the cluster’s outskirts are bluer than the corresponding innermost samples.

Following the adoption of isochrone defined by the cluster’s overall physical
properties as benchmark, we carefully explored the magnitude spread of the SGB
stars as a function of radius. The resulting 2D probability distribution shows two
apparent peaks between R = 600" and R = 900", and between R = 400” and R =
500”. Similar approach have been also performed in analysis of the cluster’s RGB
stars, the corresponding probability distribution shows a continuous ridge from the
cluster’s outer edge to R ~ 500", followed by a peak located between R = 200" and
R = 400". Both SGB stars and RGB stars show clear difference in magnitude and
color between the samples of large radius and small radius.

We adopted a Monte Carlo method to quantify the contamination of line-of-
sight projection as a function of radius, we find that the innermost radial ranges
are seriously contaminated by projected peripheral stars. This explains the larger
dispersions of magnitude and color of innermost SGB and RGB stars, compared
with their corresponding samples at larger radii. If we could properly reconstruct the
3D distribution of the observed stars, we expect that the inner stellar sample would
most likely be more clearly different from the outer sample.

Using different models to fit the observations, with considerations of dispersions
in helium abundance, [«/Fe], metallicity, and age. The most convincing explanation
is that the observed SGB and RGB stars are characterized by variations in helium and
metal abundance, with the outermost sample stars being both more helium-poor (Y
= 0.25) and metal-poor (Z = 0.0033), while the more centrally concentrated stellar
sample is helium-rich (Y = 0.28) and metal-rich (Z = 0.0051). The effect of [« /Fe]
variations are not important in our NIR CMD. The helium-rich, metal-rich sample is
consistent with a younger isochrone, with age of 12.25 Gyr, while the helium-poor,
metal-poor sample follows a 12.75 Gyr isochrone, which indicates an possible age
dispersion of ~0.5 Gyr to match the morphologies of both the SGB and RGB stars.
In this work, the helium abundance and metallicity dispersion invoked to explain
the broadening of the CMD features would have originated from pollution by first
population stars. We produce a series of simulated CMDs covering both the SGB
and RGB stars, and use a minimal x? test to quantify the best-fitting fraction of
first stellar population. The result shows a apparent increasing trend from the cluster
innermost region to its outskirts. This implies that only a very small fraction of first
population stars is contained in the cluster central region, while the stellar population
in the cluster outermost regions is close to a SSP. The x>-minimization results also
show a good agreement between both the SGB and RGB stars in their radial profile
of first population stars, indicating that the SGB and RGB stars are both belong to
the same stellar population composition.

Based on the analysis presented in this article, we can see that 47 Tuc is indeed
composed of more than one stellar population. The most straightforward interpreta-
tion of the origin of a second stellar population is that it formed by the remnant of the
first population stars with enhanced helium abundance and metallicity, this strongly
indicates that the material in 47 Tuc have already polluted by supernovae explosions,
and, possibly, 47 Tuc was succeed to retain the material ejected by those explosions.
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However, if this speculation is on the right track, that means 47 Tuc should much
more massive at its early stage of multi-supernovae explosions, its may lost most
of its materials after this epoch. Unfortunately, based on this scenario, the timescale
of contamination caused by first population massive stars is extremely short (<10
Myr, see Sect.2.1.1), such a small timescale cannot show any detectable feature in
the CMD of 47 Tuc, because 47 Tuc is too old. This means people should try to find
indirect hints from the “relatively young globulars”, which we will introduce in the
following Chapters.
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Chapter 6
Do Intermediate-Age Star Clusters Have
Extended Star Formation Histories?

6.1 Introduction

As introduced in Sect.2.1.1, the star formation mode in a SC is thought as a partic-
ular starburst event, with a maximum age spread of only 1-3 Myr [247]. However,
recently the discovery of the eMSTO regions in intermediate-age, 1-2 Gyr SCs (see
Sect.2.1.2) in the LMC and SMC has strongly challenged our thought of the validity
of the SSP scenario for SCs [64-66, 99, 248, 249], as the areas of the TO regions in
their CMDs are significantly larger than that would be expected for SSPs. The most
straightforward explanation of these eMSTOs in intermediate-age SCs is their initial
star forming processes have lost longer than several hundreds Myr [66], which has
led to heavily debates as to whether SCs can harbor extended SFHs.

As we already see, most YMCs cannot retain their initial runaway gas at their
early stage, indicating star clusters cannot continually build their mass at this stage.
Lots of scenarios have been proposed to explain the possible eSFHs in these clus-
ters, including those involving the presence of chemical inhomogeneities, internal
age dispersions, rapid stellar rotation and possible select effects (see [250] for a
discussion). Among these scenarios, there are two most popular, but mutually com-
peting scenarios, they are the internal age dispersions model and stellar fast rotation
model. Some authors have suggested that the initial dynamical interactions between
two star clusters, or star clusters and star-forming GMCs may be able to explain
the age dispersions in these clusters [64, 101]. But these scenarios cannot explain
why such dynamical processes might have acted in a global manner and affected
many intermediate-age LMC clusters. D’Ercole et al. (2008) and Goudfrooij et al.
(2009) proposed that the ejecta of first-generation AGB stars might be the polluters
[216, 251]. In addition, Goudfrooij et al. (2014) proposed a scenario that invokes
two distinct rounds of SFH in massive clusters to explain the observed wide TO
regions [99], in their model, the first star-formation episode is a star burst mode,
subsequently there is a 10—-100 Myr period with no star formation. In turn, this qui-
escent period is then followed by a second star-formation episode, which lasts a few
hundred million yeas, this star-formation episode is responsible for the observed eM-
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STO in intermediate-age SCs. The evidence that they claim to support this scenario
is the width of the eMSTO of intermediate-age SCs seems to correlate their central
escape velocity, vs.. However, critiques of many aspects of this scenario have been
presented [70, 73, 109, 252], as YMCs do not show any evidence of significant age
spreads of several hundred million years [20, 98, 100, 109].

As already introduced in Sect.2.2.1, the stellar fast rotation has been determined
as a parameter that may affect the area of the MSTO region at the same time. This
is caused by the reduction in self-gravity owning to the effect of centrifugal force,
which leads to a reduction in the stellar luminosity and surface temperature (the
gravity darkening effect [106, 225]). But this channel has been argued, because the
effect of a prolonged stellar MS lifetime caused by rotational mixing would mask
the broadening of MSTO regions produced by the gravity darkening [107, 253],
conspire to retain a narrow TO region for a SSP. However, this conclusion has been
criticized that it is only based on very high mixing efficiency, if one adopt reasonable
significance for the effects of this prolonged stellar lifetime, rapid stellar rotation
could still be able to explain the eMSTO regions [108, 109, 254]. The stellar rotation
scenario was further supported by a more recent discovery from YMC NGC1755 in
the LMC, which shows a split MSs that could be ideally explained by stellar rotation,
and not by adopting an age spread [113].

In order to distinguish between the age spread scenario and the stellar fast rotation
scenario, a promising method is to study the SGB in these SCs who already show
apparent eMSTO regions. Because sub-giant phase happens immediately after the
star departs the MS, it should smoothly joint to the eMSTO region. If the eMSTO
region is caused by an internal age difference, then the SGB should also show apparent
broadening in its morphology, because stars in this phase have still not experienced
significant mass loss. On the other hand, if the eMSTO is caused by stellar fast
rotation, because SGB stars will quickly slow down owning to the conservation of
angular momentum, the morphology of the SGB will thus deviate to the prediction
of age spread scenario. In this Chapter, I present our latest research on the SGBs in
three intermediate-age SCs, NGC1651, NGC411 and NGC419, we found although
both these three SCs show apparent eMSTO regions, the morphology of their SGB
are inconsistent with the age range derived from their eMSTO, suggesting that an
eMSTO region may not necessarily imply a significant internal age spread.

6.2 Data Reduction

The datasets of NGC1651 and NGC411 were obtained from archival HST/WFC3
observations, while the datasets of NGC419 were based on the archival images of
HST ACS/WEFC. For NGC1651 and NGC411, their datasets are both composed of a
combination of science images in the F475W and F814W filters, roughly correspond
to the Johnson-Cousin B and [ bands, respectively. The NGC419 datasets are in
the FS55W and F814W filters, corresponding to Johnson-Cousin V and [ bands.
The total exposure times for NGC1651 are 1440s and 1430s in B and I bands,
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respectively; for NGC411, the total exposure times in these two bands are 1520 s and
1980 s; while for NGC419, it is 1984 s and 1896 in V and I bands in total. We used
two independent software packages, DAOPHOT [255] and DOLPHOT [256, 257],
to perform photometry on the scientific images.

Similar to what we did in Sect. 3.2, we divided the stellar spatial distribution into
serval tens bins along both the right ascension («j000) and declination (8y2000) axes.
We subsequently use a Gaussion function to find out the position where the stellar
density reach its maximum value, thus the closest coincidence of both Gaussion
peaks represent the cluster center. For NGC1651, we determined its center coor-
dinate as a0 = 04"37M32.16° and 8y2000 = —70°35'08.88”; For NGC411, the
results are: oya00 = 01M07™56.22°% and 8yx00 = —71°46'04.40"; For NGC419,
they are: ajagn0 = 01"08™17.02° and 81000 = —72°53/03.12". After determined the
coordinates of clusters’ centers, we then check all these clusters’ stellar number den-
sity radial profiles, again, similar to the approaches that are illustrated by Figs.3.5
and 4.3, we select 75 arcsec, 50 arcsec and 75 arcsec as the typical cluster regions
for NGC1651, NGC411 and NGC419, respectively.

The method that used to reduce the field contamination is identical to those intro-
duced in Sects. 3.2, 4.2 and 5.2. Because this time the focused features are SGBs in
three relatively young SCs, we have confirm that compare with the CMDs of their
nearby region field stars, the background contamination level is negligible because the
SGB regions are very bright. In addition, a well-populated SGB cannot be explained
by field stars with different ages and metallicities. For NGC1651 and NGC411, the
reference of field regions are directly selected from the images which contain the
bulk of cluster stars, as at the distance of LMC and SMC, our scientific images are
large enough to contain both the cluster regions and field regions. For NGC1651,
stars that are further than 85 arcsec to cluster center have been determined as field
stars, while for NGC411, we directly select a square with Y coordinate smaller than
800 pixels in the CCD as the field region. For NGC419, we have another images that
at some 230 arcsec from the cluster center, observed as part of the same HST program
with the same instrumental setup. We thus select the whole area of separated image
to represent the reference field.

6.3 Main Results

6.3.1 NGCI651

The CMD of NGC1651 is present in Fig. 6.1, to take a simplistic approach, we obtain
best fits to the blue and red boundaries of the eMSTO by matching the best set of
stellar isochrones [89]. The ages of these two isochrones correspond to the blue
and red edge are log(¢/yr) = 9.24 (1.73 Gyr) and 9.34 (2.18 Gyr), respectively.
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Fig. 6.1 The CMD of NGC1651 as well as the best fitting isochrones correspond to the blue (light
blue line, 1.73 Gyr) and red edge (orange line, 2.18 Gyr) of its eMSTO, the left panel shows typical
30 photometric uncertainties

Both these two isochrones have the metallicity of [Fe/H]= —0.52 dex (Z = 0.006"),
extinction of E(B — V) = 0.11 mag and distance modulus of (m — M), = 18.46
mag [258, 259]. From Fig. 6.1, one can see although the eMSTO region is well
described by adoption an age dispersion of approximately 450 Myr, the SGB stars of
NGC1651 are predominantly confined to the log(z /yr) = 9.24 isochrone. If we only
focus the SGB stars located in the core region (20 arcsec?), they are even confined
to an narrower distribution associated with the youngest isochrone, despite their TO
counterparts strongly indicate a dramatic age spread.

To evaluate the association of SGB stars with either the youngest or the oldest
isochrone, we adopt the log(¢/yr) = 9.24 isochrone as the baseline and calculate
the magnitude deviations, AB, to this isochrone for all selected SGB stars. Then
we set the log(f/yr) = 9.34 isochrone as fiducial locus, to estimate the typical
region for SGB stars with this age, assuming a typical 30 magnitude dispersion of
AB ~ (.12 mag. Based on this simple analysis, we found 30 of 38 stars are actually
associated with the youngest isochrone, only one exception is located outside this
region and associated with the region defined by the oldest isochrone. This result is
more apparent for the core sample, there are 14 of 15 stars are located in the AB
region defined by the youngest isochrone, none of them have been found to have a
AB that is consistent with the prediction of the oldest isochrone. If we directly use

IThe Marigo et al.(2009) stellar evolutionary model have set the solar metallicity as Z = 0.019 [89].

2We use a EFF function to fit the brightness profile of NGC1651, finding that its core size will have
aradius of 17.11 arcsec (4.45 pc) [260].
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the magnitude dispersion of these stars in the CMD to estimate a maximum likely
age spread, Az, then all these SGB stars should have an age spread of At < 160
Myr, for the core sample, this age spread can be further constraint to At < 160 Myr.
In Fig. 6.2, we present the comparison of the observed stellar distribution with the
expectation of a 450 Myr internal age spread in NGC1651 for the whole sample of
38 SGB stars as well as 15 SGB stars in the core region.

If the cluster’s stellar population were characterized by an age dispersion of 450
Myr, this dramatic age spread should produce a broadened SGB. In order to compare
the difference of age dispersion between TO stars and SGB stars, we quantitatively
assess the probability of the presence of a genuine internal age dispersion for these
two stellar samples. We calculate the number density distribution of the bulk stars
located in eMSTO and SGB regions (correspond to blue squares and orange circles,
which are indicated by solid and dashed boxes in Fig. 6.3), adopting isochrones with
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Fig. 6.3 Comparison of the number of stars of NGC1651 at selected evolutionary stages, the blue
squares represent typical TO stars used as basis of the comparison, the orange circles are the selected
SGB stars. Isochrones of different ages are attached

different ages. The resulting distribution of eMSTO and SGB stars are significant
different, as shown in Fig.6.4. Whereas the eMSTO stars exhibit a spread from
log(t/yr) = 9.24 tolog(t/yr) = 9.34, the SGB stars are systematically younger than
these distributions, with most of them are associated with the youngest isochrone,
this indicates the lack of a genuine age dispersion in NGC1651.

6.3.2 NGC411

Compare with NGC1651, the number of SGB stars in NGC411 is smaller, but it also
shows a tight, well-populated SGB with even higher significance than NGC1651.
Figure 6.5 shows the CMD of NGC411 and its apparent eMSTO region with magni-
tude range of 20 < B < 22 mag, where the average 1o magnitude uncertainties are
0.04 mag in both bands, which cannot explain the large area of the MSTO region.
In addition, NGC411 also exhibit a well-populated RC, which can be further used to
constrain its internal age spread. Based on the Padova stellar evolutionary model [24],
we adopted a series of isochrones with ages span from 1.38 Gyr (log(t/yr) = 9.14)
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Fig. 6.4 The derived age
distribution from the
cluster’s TO and SGB stars.
Top panel, Number density
distribution, P(N) as a
function of age. Blue
squares, associated with
dashed line, represents the
age distribution of TO stars,
orange squares and solid line
represents that for SGB stars.
Bottom panel, As the top
panel, but for the sample
within cluster core region

Fig. 6.5 A full view of the
CMD of NGC411, showing
isochrones for ages of 1.38
Gyr (log(t/yr) = 9.14, blue
solid line) and 2.18 Gyr
(log(t/yr) = 9.34, red solid
line). Grey and orange
squares are the SGB stars
and RC stars. The bottom left
sub-panel is the zoomed-in
region focusing on the RC
stars
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to 2.18 Gyr (log(z/yr) = 9.34) to describe its entire eMSTO region. That means the
eMSTO region may require at least ~800 Myr to explain this broadening if these TO
stars are composed by multi-aged stellar populations. Previous studies also suggest
a significant age spread from ~700 Myr to 1 Gyr for this cluster [67, 99]. Again,
although we need isochrones with different age to describe the eMSTO region, all
other parameters pertaining to these isochrones are the same, including a metallicity
of Z = 0.002, extinction of E(B — V) = 0.08 mag and a distance modulus of
(m — M)p = 19.05 mag. One will immediately find a extremely tight SGB, which
can only be explained by a single isochrone, in contrast with its apparent eMSTO
region, where the letter require at least 800 Myr age difference to explain its large
area. We determined that the best-fitting age to the SGB is about 1.58 Gyr, equal to
log(t/yr) = 9.20.

We then quantitatively analyze the distribution of SGB and RC stars to study their
internal age distribution. Firstly, we define a parallelogram-shaped box, bounded
by 19.7 < B < 21.8 mag and 0.75 < (B — V) < 1.25 mag. This region was
defined to properly exclude possible contamination by eMSTO stars and at the bottom
of the RGB. Stars located inside this box were determined as possible SGB stars.
Because the magnitude range of this box is so large, which is more than 2 mag, any
reasonable physical processes that may affect the brightness of SGB stars should be
already considered in this magnitude range. For example, the maximum magnitude
offset caused by unresolved binaries is ~0.75 mag (see Fig. 3.8); The enhancement in
magnitude owning to stellar convective overshooting (adopting a strong overshooting
ranging from A. = 0.35 — 0.50), is less than 0.1 mag. In Fig. 6.6, we show the best
fitting isochrones to the boundaries of the eMSTO (Blue dashed line and red solid line,
corresponding to the youngest isochrone and oldest isochrone, respectively), tight
SGB (Purple solid line) and the corresponding locus of unresolved binaries with mass
ratio of ¢ = 1 (the equal-mass binary systems, purple dashed line). It also shows
only one exception (marked as star ‘A’ in Fig. 6.6) has significant high deviation to
the best-fitting isochrone. But the luminosity of this star is also much brighter than
the locus of the youngest isochrone (1.38 Gyr or log(¢/yr) = 9.14), which indicates
that it may be a bright foreground or background star. Another possible origin of
star ‘A’ is it is actually a equal-mass unresolved binary system (that is, a SGB-SGB
binary system), as its position is close to the locus of such a binary sequence. Both
cases indicate that this star is not a genuine single SGB star. Because of this, we
have excluded this star from our subsequent analysis, also a single exception will
not change our statistical results. For the selection of RC stars, we first select stars
located in the color and magnitude range defined by 1.28 < (B — I) < 1.45 mag
and 19.6 < B < 20.7 mag. As the isochrones in the RC range trace open loops, we
next select stars which close to the loop pertaining to the most extreme isochrone
(normally is the 1.38 Gyr isochrone) as RC stars. For stars that not located in this
loop, we also adopt those which are still located within the 20 level uncertainties
related to that isochrone. Finally, we made a cut across the MSTO region to define
the MSTO stars, which is similar to the approaches that used in Fig. 6.3 and some
previous works [73, 96, 99, 201].


http://dx.doi.org/10.1007/978-981-10-5681-9_3
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Fig. 6.6 This figure demonstrates our selection of SGB stars, the parallelogram-shaped box contains
all selected SGB tars, which are marked with blue squares. The resulted best fitting isochrone to
these SGB stars has an age of 1.58 Gyr (the purple solid line). The purple dashed line represents the
corresponding locus of equal-mass binary systems. The blue dashed line and red solid line represent
isochrones for 1.38 and 2.18 Gyr, respectively

After we have determined a relative complete sample of MSTO, SGB and RC
stars, we then assign the age of the closest isochrone to each star, which enable
us to obtain a comparison between the SFHs of these different stellar samples, we
illustrate this approach in the top panel of Fig. 6.7. To test if their SFHs are consistent
with SSPs, we have also generated a CMD of an SSP for an age of 1.58 Gyr as a
comparison. In the simulated CMD, we have included the photometric uncertainties
and unresolved binaries, the method that we used to determine the binary fraction
is identical to that used in Chap.3. We found the binary fraction with mass-ratio
q > 0.6 is about 20%, indicating totally 50% MS-MS binary fraction if the mass-
ratio distribution is flat [160]. A significant binary fraction may broaden the TO
region. However, for evolved stars, only equal-mass binary systems (i.e. SGB-SGB
or RGB-RGB binaries) will show apparent difference from single stars, because the
numbers of these binary systems are very small.? Because of this, we did not assign
binary status to any evolved star in our simulation. The simulated MS stars have the
same LF to the observations, for evolved stars, we have assumed that they obey the
Chabrier IMF, which is already built into the isochrones [261]. The bottom panel of
Fig. 6.7 shows the simulated CMD for an SSP with an age of 1.58 Gyr. We then apply
the identical approach we perform on the observed CMD to the simulated CMD.

We subsequently derive the SFHs of MSTO, SGB and RC stars and compare them
with their corresponding SSP samples. The derived SFH for the eMSTO region is
almost flat, spanning from 1.38 Gyr to 2.18 Gyr, indicating an dramatic age spread of

30ne can assume that only binaries with ¢ > 0.95 will exhibit significant difference to single SGB
stars, that means only 5% of our SGB sample, thus 0.9 of 18 stars, will affect our analysis, this is
consistent with our observation (only one exception of star ‘A’ has shown apparent difference to
the bulk of SGB stars).


http://dx.doi.org/10.1007/978-981-10-5681-9_3
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Fig. 6.7 Top panel CMDs of the NGC411 that zoomed into MSTO, SGB and RC regions, color
bar indicates their best-fitting ages (in Gyr). Bottom panel the same as the fop panel, but for an 1.58
Gyr SSP

800 Myr, which is consistent with previous result [67]. However, the SFHs resulting
from oth the SGB and the RC stars are apparently different: all SGB stars and more
than 80% of the RC stars are actually younger than 1.78 Gyr. Using the Kolmogorov—
Smirnov (K-S) test,* we examine if the SFHs of MSTO, SGB and RC stars are
consistent with SSPs. The K-S test reports that the distribution of both the observed
SGB and RC stars are actually agree with SFHs derived from SSPs (P = 0.87 and
0.37, respectively), but it return a negative result for MSTO stars, that is, they are not
an SSP: (H, P)=(1,6.8 x 107%).

Although the K-S test already reports quite positive results for both the observed
SGB and RC stars when compare their distribution to the expectation of SSP, there
is a clear secondary RC which extends to B ~ 20.2-20.5 mag (see Fig.6.7). These
secondary RC stars are more massive than normal RC stars, which may reflect some-

4The K-S test can quantify the similarity between distributions of two samples, it returns two values
when evaluate this similarity, H and P. If H is returned as 0, it means that the two samples are
drawn from the same distribution. P indicates the p value, which is the probability that these two
samples are drawn from the same underlying distribution, normally when P > 0.05, the K-S test
will return H as 0.
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what eSFH or rapid stellar rotation [262, 263]. Clearly, a SSP cannot produce such
a secondary RC in its CMD. We found most of these secondary RC stars located
below the position indicated by the 1.48 Gyr (log(t/yr) = 9.17) isochrone, they to-
tally occupy ~25% of the full RC population. We thus slightly change our simulated
sample by adding two stellar populations with ages of 1.38 and 1.48 Gyr to the bulk
population, with number fractions of 12.5% each. Then we check whether the addi-
tion of these younger populations to our model can improve the significance of the
comparison. We performed the same approaches to the synthetic CMDs as before,
and compared their derived SFHs with observations, the K-S test again shows that
the distribution of the observed SGB and RC stars are consistent with the SFHs of
the synthetic samples, but with higher P values of 0.93 and 0.67, respectively. The
SFH of the eMSTO remain inconsistent with the synthetic sample, with (H, P) =
(1, 2.6 x 107). The comparisons are shown in Fig. 6.8. These results clearly indicate
that the SGB and RC morphologies of NGC411 do not agree with the eMSTO if the
width of the eMSTO reflect an eSFH.

6.3.3 NGC419

The CMD of NGC419 is shown in Fig. 6.9, which is already decontaminated. The
attached isochrones that describe the boundaries of its eMSTO region as well as the
bulk of SGB are obtained from the Padova stellar evolution models [24]. The fitting
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Fig. 6.9 The CMD of NGC419, showing isochrones of 1.32 Gyr (blue solid line, corresponding
to the blue boundary of the eMSTO region), 1.52 Gyr (purple solid line, which describe the peak
in the cluster’s SFH based on the morphology of the red part SGB), and 2.02 Gyr (red solid line,
corresponding to the red boundary of the eMSTO region). The color bar indicates the age of SGB
stars and the eMSTO stars (stars in the black box), based on the assumption that these features can
be explained solely by stellar age ranges (in Gyr). The vertical dashed black line divided the SGB
stars into blue and red samples

parameters are Z = 0.004 [68, 248], (m — M)y = 18.90, E(B — V) = 0.06 [198],
different color represent isochrones with different ages, they are log(¢/yr) = 9.12
(1.32 Gyr, the blue solid line), log (¢ /yr) = 9.18 (1.52 Gyr, the magenta solid line) and
log(t/yr) = 9.31 (2.02 Gyr, the red solid line). The youngest and oldest isochrones
indicate an age spread of ~700 Myr for NGC419. Although at first glance, it seems
NGC419 also harbor a broadened SGB, however, if we take a carful exploration
focus on the width of the SGB for the entire color range, one will find it exhibits
an SGB that is broad only on the blue side, for the range of (V — I) > 0.7 mag,
the SGB becomes significantly narrower. This feature is even apparent before we
decontaminate the background pollution, thus cannot be caused by data reduction. In
addition, the significance level of our field-star decontamination is high enough along
the SGB, and both the photometric results from the packages of IRAF/DAOPHOT
and DOLPHOT confirm the reality of the ‘converging” SGB morphology. AS test
also reveals that blending cannot cause the observed narrowing. Because of this, the
observed converging of the NGC419 SGB is real and not caused by artifacts related
our data reduction.

In order to characterize the narrowing of the SGB, we firstly divided SGB into two
parts. The red part SGB stars are selected by constrain their colorin 0.50 < (V —1) <
0.7 mag, and the blue part SGB stars have their color of 0.7 < (V — I) < 0.89 mag.
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This division will make these two sub-samples contain equal number of SGB stars.
The blue SGB stars span a broad range in luminosity, in contrast to the red SGB
stars, where the letter almost all converge to a significantly narrower distribution.
For each SGB star we arrange the same method that used for NGC411 SGB stars to
determine their model-fitted age, then we counted the fractions of SGB stars with
different ages to derive the SGB’s SFHs.

The SGB lifetime is a monotonically increasing function of the stellar age, ranging
from 9 Myr for the 1.32 Gyr population to 22 Myr for the 2.02 population [24], this
difference is significantly shorter than the adopted age resolution of 100 Myr. The
small variation in SGB lifetimes therefore does not affect the derived SFHs, also the
probability of an SGB star to be associated with a given isochrone is nearly constant
for all ages.

The typical photometric uncertainties in SGB photometry will cause a age disper-
sion of <50 Myr, indicating that the isochrone fits are well-constrained. Figure 6.10
shows the SFHs derived from the blue and red SGB subsamples, the former is ap-
parently wider than the latter, which is characterized by a peak at 1.52-1.62 Gyr
(corresponding to the purple isochrone in Fig. 6.9). The average period times of stars
spend in the red and blue SGB range are approximately equal, therefore our derived
SFHs are reliable, which represent the real SFHs. As expectation, the SFH of eMSTO
(grey histogram in Fig. 6.10) is much broadened, indicating an age spread from 1.32
to 2.02 Gyr. This maybe consistent with the SFH of blue SGB stars, where the letter
also seems have an age spread of ~600 Myr, but apparently not with the SFH of
red SGB stars. Based on 1000 synthetic clusters characterized by an age spread of
700 Myr, we found the ‘convergence’ of the SGB in NGC419 is unlikely owning to
stochastic sampling: the probability of detecting fewer than 10% of the red SGB stars
associated with the oldest isochrones is P < 0.05. This is thus exclude the presence
of a genuine age spread in the cluster. There must be one or more mechanisms that
have affected the morphology of the NGC419’s MSTO region.
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6.4 Physical Discussion

Apparently, all these results deny the presences of dramatic age spread in these
clusters. If a SC can constantly build its mass in a period of several hundred million
years, then we would expect to see many YMCs with ages of several tens of hundreds
million years are still building up their stellar masses, however, as already introduced,
observed YMCs do not show evidence of ongoing star formation [100].

Although both NGC1651, NGC411 and NGC419 show apparent eMSTO regions,
their current mass are significantly different. NGC1651 and NGC411 have a total
mass of only log My/Mg ~ 4.64 and 4.51, respectively [264], while NGC419 has
a total mass that reaches M., /Mg ~ 5.38 [99], assuming their half-mass radii are
roughly equal to their half-light radii [99], based on the formula of [48]

Mcl(t) kIIlS_l
(1)

Vesc(t) = fe s (6.1)

where M (¢) is the cluster current mass (in units of M), r,(¢) is the cluster’s current
half-light radius in pc, f is a coefficient which depends on the concentration index ¢
of King models [265]. This finally gives the escape velocities of NGC1651, NGC411
and NGC419 of veee ~ 5.80, 7.24 and 17.55Km s~ !, respectively. Count the initial
velocity of runaway gas in a SC is in order of 10km s~!, and the intermediate-age
AGB stellar winds can have velocities of 10-40km s~ !, only NGC419 would have
the capacity to capture its runaway gas to make new stars. However, since all these
SCs have a suspected SFH of several hundred million years, the multi-supernovae
explosions must have strongly accelerated the gas remnants at very early stage, that
means the runaway velocities of these gas remnants should be at least in order of
100km s~!. Clearly, it is indeed reluctantly for they to retain their runaway gas for
such a long period.

Instead, our results seem favor stellar fast rotation scenario: for NGC1651 and
NGC411, the observed eMSTO regions as well as their tight SGBs may indicate
that their TO regions are expanded by the effect of stellar rotation. When those
TO stars quench their central hydrogen burning, their internal expansion will lead
their self rotation quickly slow down, if rotation has not affect their core size, then
these slowing down will lead their luminosity converging into the prediction of the
SSP. The feature of converging SGB indeed appears in NGC419, which could be
produced if the cluster is mostly composed of rapidly rotating stars and slow down
over time when they evolved off, because of the conservation of angular momentum.
However, the assumption of that the rotation will not affect the stellar core size
is really surprising, if a coeval stellar population is composed by stars with zero
rotational rate (§2 = 0) to critical rotational rate (£2 = £2.), the rotational mixing
effect will lead a fast rotating star to appear brighter in about 0.5 mag than a none
rotating star, if their total masses are equal, because the fast rotating star will have
a heavier core, that is equal to it is more massive than its none rotating counterpart.
For example, as shown in Fig.6.9, NGC419 has its SGB that is wide in the blue
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Fig. 6.11 Top panel, the (V, V — I) CMD of a synthetic cluster based on Geneva stellar rota-
tion models, with Z = 0.006 and log (tyr~') = 9.1, adopting a flat initial rotation distribution,
2int/Rcrit €[0,1]. Color bar indicates each star’s current (not initial) rotational rate, §2/$2cyi;
bottom panel: as the fop panel, but for all stars have their initial rotational rates larger than 0.5,
2int/Rcrit > 0.5, in this case, a converging SGB appears. The black solid and dashed lines are
isochrones for the same metallicity, but for none-rotating stellar populations with different isochronal
ages, log (1 yr—') = 8.9 and 9.1, respectively, which provide a comparison between stellar fast
rotation scenario and age spread scenario

range and tight in the red range, which cannot be explained by an age spread of 700
Myr (derived from its eMSTO region). However, if assume NGC419 is a SSP with its
member stars have different self-rotational rates from 2 = 0 to £2 = 1, it would also
produce a apparent inconsistency between the stellar evolutionary model (under the
consideration of stellar rotation) and observations. In Fig.6.11, we show the CMDs
of synthetic clusters, which are composed by SSPs with different rotational rates in
Johnson—Cousins V and I bands. Based on this figure, we found only very rapidly
rotating stars will converge into a narrower sequence, while the slow rotators would
still occupy a much broader luminosity range.

Because NGC1651, NGC411 and NGC419 all show a tight or converging SGB,
this may indicate that the eMSTO stars in these clusters are rotating much faster than
expected, adopting their rotational rates homogeneously distributed from O to 1 is
not proper. As for slowly rotating stars, the rotational mixing will produce dramatic
difference in their luminosity of SGB phase, which will make these normal rotating
stars occupy the bottom part of the SGB and broaden it to a large extent. If all stars
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are extremely fast rotating stars, then this difference in their SGB stars’ luminosity
become smaller, but the gravity darkening still play a important role on their MS
stage, thus produces a broadened TO region. However, it seems unrealistic that a
cluster would only contain rapid rotators, direct measurements of stellar rotational
rates of stars in a dense SC is required.

The inconsistency may also reflect our lack of knowledges, because the effects
of rapid stellar rotation will significantly complicate our understanding of stellar
evolution. The discovery of nitrogen and helium enhancements in massive MS stars
has been generally recognized as a result of rotational mixing [266, 267], which
will further affect the morphology of the observed CMD, this is also applied for
RC stars. The discovery of a weak secondary RC in NGC411 is also consistent
with previous work on younger clusters [268], although they are narrower than that
in the case of real age spread as suggested by the eMSTO regions, but still more
extended than for an SSP. To understand the eMSTO conundrum, more explorations
of the rapid stellar rotation, binaries, as well as the chemical compositions of stellar
populations in intermediate-age star clusters are required. At this stage, we still lack
direct comparison between comprehensive models that consider all those effects and
observations.

6.5 Conclusion

In this Chapter, I introduced our latest researches on three intermediate-age SCs in
LMC and SMC, all these three SCs show apparent eMSTO regions, which strongly
indicate that they may have initially formed its bulk stars within a star forming period
of several million years. This is much longer than that allowed by their initial gas
expulsions. However, the stellar populations in intermediate-age SCs are different
compare with that in GCs, the latter always show multiple features in their TO
regions, SGBs, RGBs or even HBs. When we explored the SGBs or RCs in these
SCs, features that consistent with a dramatic age spread disappear, in particular for
their SGBs, which are usually narrower than that for multi-aged stellar populations,
but close or consistent with SSPs instead. That means the observed complex TO
regions may caused by mechanisms that related to stellar evolution rather than a
global extended star formation period, like stellar fast rotation. If confirm, this may
push us to reevaluate our understanding of stellar evolution, as these mechanisms
that we did not consider into our models may actually important for stellar evolution,
and finally affect our estimations of many physical parameters of stellar systems.
Our studies of SGBs (also the RC) in these SCs exclude the presence of a signifi-
cant age spread. Except for NGC419, other two SCs are too light to have the capacity
to retain the initial runaway gas, but they all show apparent broadened TO regions,
that means any scenario that suggest continued gas accretion as the solution to the
eMSTO regions is incorrect. In particular a recent study of two intermediate-age
LMC clusters with masses of only ~5000 Mg shows that they all harbor eMSTOs
[269]. The converging morphology of SGB in NGC419 strongly suggest that the
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distribution of SGB stars have been affected by their evolutionary stage, which is
most likely the stellar rotation. If this speculation is correct, then the broadening
of the blue range SGB is thus caused by the differential rotation of sample stars, it
would naturally lead us to speculate that its eMSTO region is also owning to the
differential rotation.

The study of stellar populations in YMCs, intermediate-age SCs and GCs is a very
active field among all topics that related to SCs. Our current understandings on this
issue are far from perfect, and it is of paramount importance because it may affect our
basic understanding on star formation, stellar evolution as well as the relationship
between GCs and galaxies. In Part IIT of this book, we will go into a chapter of
comprehensive discussions and summaries based on all the results obtained from
observations that introduced in this work, since there is no final answer to the origin
of MSPs in SCs, one should try to sort out all these observational results and gain
their own perspective on this topic.
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Chapter 7
Lessons Learned from This Thesis

It is thus of fundamental importance to explore the origin of MSPs in SCs. If the
infancy GCs were such massive, then most observed YMCs and intermediate-age
SCs would fail to represent a young GC. SCs are the building blocks of their host
galaxies, investigating the stellar populations in SCs (which relates to how they form
and evolve), would become inevitable if one wants to understand the evolution of
galaxies as a whole. The discovery of possible MSPs in intermediate-age SCs also
push us to reconsider our understanding on stellar evolution. On the other hand, if
the GCs did not formed in situ, indicating that they are different to our currently
observed young SCs, then it may suggest that they are related to galactic mergers.
The ubiquitous GCs in the Galactic halo would strongly indicate a large number
of satellite galaxies around the MW, which would help us better understand the
“missing satellite” problem. This also relates the study of stellar populations in SCs
to cosmology.

Because of this, it is deserve to make a summary about what we have learned
from previous chapters and see where do we stand for the topic of stellar populations
of SCs.

7.1 Do the Young Massive Clusters Harbor Multiple Stellar
Populations?

Based on Chap. 3, we learn that the YMCs NGC1805 and NGC1818 can be ideally
described by SSPs. But this only means we have not found any photometric evidence
of MSPs for these two clusters in V and I bands. Indeed, recent observations which
involve the U band data have revealed at least for three YMCs, NGC1755 [113],
NGC1850 [63] and NGC1856 [62], the morphology of their MSs are inconsistent
with SSPs. But it seems the complex of their MSs are caused by stellar fast rotation
rather than a prolonged SFH [63, 110, 113]. For NGC1805 and NGC1818, they show
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apparently broadened MSs, but it seems caused by unresolved binaries or blending
instead of spread in their chemical abundances.

Most soft binaries (binaries with low binding energy) would be disrupted during
their very early evolutionary stage. The time-scale of the disruption depends on the
local environment and global parameters: NGC1818 is characterized by a relatively
shorter time-scale because it is more massive and contains more member stars, and
the velocity dispersion for its bulk stars is higher than NGC 1805. The remaining
hard binaries would become gradually harder, that is, their components stars would
evolve to become closer and closer, and finally merge [139, 170]. The most massive
binaries, in the mean time, are the “hardest” binaries, which would quickly evolve to
be close binaries. Based on [115], such massive binaries (~20 M) could possibly
be the sources of abundance anomalies in GCs.

However, star with a mass of 20 My would only have a lifetime of roughly 10
Myr. This is significantly shorter than the age of NGC1805 and NGC1818. That
means if the massive binaries would contribute to the SCs’ abundance enhancement,
this should already complete when we observed them. From Chap. 1 we know both
the enhanced helium abundance and metallicity in stellar populations would show
features in their CMD. However, the effect of helium enhancement is opposite to
that of metallicity enhancement, since the former would causes a MS blueshift and
the latter would make the MS redshift (see Figs. 1.9 and 1.10). It is reasonable to
expect that an enhancement of the helium abundance would be associated with that
of metallicity. Since their effects on the MS compensate each other, this would still
lead to a tight MS.

As introduced in Chap. 1, an abundance spread would introduce an apparent split
or broadening of the SGB and RGB in a cluster’s CMD, which has been confirmed
in most GCs and in 47 Tucanae in this book (Chap.5). However, NGC1805 and
NGC1818 are so young that they show no clear SGB or RGB in their CMDs. Because
only very massive stars at this age would have evolved off the MS, but the more
massive the stars, the faster they evolve, hence their SGB and RGB phases would
be so short that it would be very hard to catch an entire branch of such stars. This
difficulty pushes us to investigate intermediate-age SCs.

At this stage, we can only conclude that we found no evidence of the absence
of MSPs in the YMCs NGC1805 and NGC1818: their MS is tight, the broadened
sub-sequence at the red-side of the MS can be explained as due to unresolved binaries
and blending. However, based on recent discoveries of multiple or broadened MSs in
YMCs NGC1755, NGC1850 and NGC1856 [62, 63, 113], NGC1805 and NGC1818
may also appear similar features if ultraviolet data is involved. If this confirmed in the
future, it may indicate the importance of stellar fast rotations for their photometric
properties. It is reasonable to expect that at the time of cluster formation, there would
be very massive fast-rotating stars, but whether they already transferred their effect
to the MS stars’ abundance is still unclear, because we lack apparent SGB and RGB
features. This is the key to determine abundance spread in photometry.

Binaries would also affect the stellar evolution, a direct binary product is pro-
vided by the BSS. In principle, the refreshed BSSs are no longer belong to the first
generation stars, which offers us a good chance to study stars that are younger than
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the cluster’s typical age. In Chap. 3, we know that most binaries would be disrupted
within a very short period. The remaining counterparts would continue to evolve,
some of them may be disrupted in the future, but some of them would finally merge
or trigger mass transfer, leading to the formation of BSSs. Geller and Mathieu (2012)
found for NGC 188, the hard-binary frequency is 23 &£ 2% [270]. In the mean time, it
was reported that 76% of the BSSs in NGC 188 are actually in binary systems [130].
Chapter 4 exhibits the presence of BSSs in the extragalactic GC Hodge 11, except for
the central extremely dense region, where the BSSs with collisional origin dominate
the whole sample. We found that BSSs can also form in less dense regions like a
cluster’s outskirt, where binaries play an important role. In fact, only for extremely
old GCs, BSSs with a binary mass transfer/merger origin would have a comparable
number to collisional BSS. In most evolutionary stages of clusters, the BSSs with
the binary origin would be more important than those resulting from the collisional
channel [182].

7.2 No Evidence of Multiple Stellar Populations in
Intermediate-Age Star Clusters

In Chap.6, the discovery of eMSTO in intermediate-age SCs provides a exciting
hint. It may indicate that SCs were not born as SSPs. However, as we pointed out
in that chapter, such an individual puzzling feature is far from excluding the SSPs
origin for SCs. To confirm the presence of spreads of age and abundance, one should
find multiple features in the SGB and RGB. We still do not reach a final conclusion
before we can exclude the effect of stellar fast rotation.

In photometry, MSPs would most apparently show their features on the SGB and
RGB. However, the morphologies of the SGBs in NGC1651, NGC411 and NGC419
are conflict with this speculation, in stead they favor the stellar rotation scenario.
Since a scenario has predicted that the massive fast rotating stars would contribute
the abundance enhancement in SCs [32], if this scenario works, we would expect a
split or broadened SGB in their CMD. Our results clearly refutes this prediction.

But we already concluded that the intermediate-age SCs may harbor no age spread,
so if their member stars are not fast rotators, how can we explain the eMSTO? One
possible explanation is that the rotational rates of massive stars (~20 Mg in [32])
are all extremely high. As shown in Fig.6.11, slowly rotating stars would mainly
contribute the broadening of the SGB, if we confine all stars have their rotational rates
greater than 0.5, then gravity darkening would play a important role on these stars’
MS phase, producing a broadened TO region while keep the SGB tight. However,
this speculation is surprising, because a cluster would only contain rapid rotators is
somehow unrealistic. Direct measurements of stellar rotational rates in a dense SC
is desiderate.

The LMC intermediate-age SCs are similar to YMCs in many physical parameters:
both their masses span from 5000 Mg, to 50000 M, (see Fig. 5 [top 1st to 3rd panels]
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in [271]), and they all contain 103 to 10° member stars. They are also associated in
spatial distribution (see Fig.7.1). It is therefire reasonable to expect that they are the
same kind of SCs at different evolutionary stages. The tight and converging SGB
observed in intermediate-age SCs may reflect that both they and YMCs are born as
SSPs.

Hence we can reach a relatively conservative conclusion, at least YMCs and
intermediate-age SCs in the LMC are SSPs. If GCs” MSPs originate from the ejecta
of massive, fast rotating stars or binaries, they would enhance the abundance within
a very short period. In that case, we would observe a broadened or split SGB and
RGB for YMCs or intermediate-age SCs. The tight SGB in intermediate-age SCs is
at odds with this scenario. Additionally, both these scenarios suggest an initially at
least 10 times more massive origin for GCs. We would then immediately have found
that the YMCs are not sufficient massive to hold the stellar ejecta to form the next
generation stars. But currently no YMC is this massive and they have all gotten rid
of gas [100].

7.3 Do Globular Clusters have Another Origin?

It seems that we already excluded all the possibility that GCs are originated from
YMCs. Does that mean GCs are different to YMCs? This is possibly true for some of
the observed GCs, like the GC w Centauri, whose mass reaches ~4 x 10° Mg [273].
If such a tremendously massive GC were initially comes from an individual YMC,
and its abundance enhancement is due to the initial massive stars/binaries, then the
GC’s initial mass would reach 4 x 10" M. Such a mass scale for an individual SC
seems incredible, given that we never observed such a “super” YMC.

But now we have a better constraint: Larsen et al. (2012) estimated that the initial
mass of GCs in the Fornax dwarf spheroidal galaxy would only need to be 4-5 times
more massive than their current mass on average [274]. That means that at least a
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number of less massive GCs would have a initial mass like the YMCs that we observe
today (like NGC6362, whose initial mass would be just over 10° Mg [275]).

However, the tight SGB of intermediate-age SCs tells us that at least for SCs that
are younger than 2 Gyr, they would not contain large numbers of secondary popu-
lation stars, despite that they may already have formed a small number of BSSs. So
other scenarios that would generate the secondary population stars after the timescale
of about 2 Gyr, such scenarios should meet:

1. They should reproduce the MSPs as observed in GCs today.
2. The reproduction process should not be too quick, the typical time-scale for the
formation of MSPs in this scenario should longer than 2 Gyr.

Another promising scenario is again the binary interactions, but instead of the
very massive OB stars (~20 Mg), the main contributors are binaries with F-type
primary stars (1.0-1.4 Mg). In this scenario, “the stars with anomalous abun-
dances observed in GCs are merged stars and the accretor stars produced by
binary interactions, and these binary products are rapidly rotating and more
massive than the normal stars. These binary products have different effective
temperatures, luminosities, and surface abundances from single stars in the
same evolutionary stage due to their evolution. Thus, the stellar population
with binaries can reproduce the observations of multiple stellar populations
because this binary population includes two sub-populations: (1) normal single
stars with normal abundance (the initial abundance of GCs) and (2) merged
stars and acceretor stars (produced by binary interactions) that have abnormal
surface abundances through their own evolution.” [127]. Based on this model,
one can reproduce the observed MSPs in GCs on a relatively long timescale: there
are three channels to reproduce the secondary stellar populations, with two of them
needing binaries to evolve into their Roche lobe overflow, which already reaches
the red-giant stage of primary star. Since the F-type stars’ typical MS lifetime is
2-10 Gyr, they would not produce any multiple features in intermediate-age SCs
and YMCs. Another channel involves the initially very close binaries. The timescale
for close binary mergers is uncertain, typically from 0.25 Gyr [276] to 8 Gyr [277].
If close binary mergers are not as fast as expected, then the SCs that are younger
than 2 Gyr may still resemble SSPs. On the other hand, if the timescale for binary
mergers is short enough, then we should find significant numbers of BSSs in YMCs
or intermediate-age SCs. However, because it is difficult to determine the MSTO in
YMCs, it is hard to distinguish BSSs from MS stars. For intermediate-age SCs, we
do find such features: in Fig. 7.2, we present the CMD of NGC2213, where we found
at least 53 BSSs candidates (highlighted by black filled circles) are in this region,
indicating that binary mergers may already work at the age of NGC2213 (1.4 Gyr).

When we say BSSs are another kind of secondary stellar populations, we mean
that they are not formed in the first generations, but such secondary stellar popula-
tions only occupy a very small fraction in the whole SCs. However, the existence
of BSSs may indicate that a large number of secondary stellar population stars are
around to form: the binary interaction enhances the abundance, leading us to observe
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multiple features in the SGB, RGB and HB in a SC’s CMD. If the secondary stel-
lar populations come from the most massive objects, then the initial mass of GCs
would be tremendously massive (10-20 times massive than their current mass). This
is because, in order to form a large number of secondary stars, we need the corre-
sponding very massive ejecta from the most massive stars. If the IMF of a globular is
Kroupa-like [163], the initial number of low mass stars in a GC would be very large,
which contributes most of its initial mass. In the mean time, if the first generation
F-type stars are the main progenitor of GCs’ MSPs, then such a massive initial for
GCs may be not required.

As introduced in Chap. 2, although the current observed young SCs seem lack the
capacity to capture their initially runaway gas, it may accrete materials when they
went through a background medium. A possible hint of such a external accretion has
been observed recently, in 2016, we found two well-populated SSPs in 1.4 Gyr-old
cluster NGC1783 [75] (Fig.7.3), at first glance, it seems there are two BSS popula-
tions which represent two star burst events. If the observed tight young sequences
resemble a set of BSSs, it would indicate that these BSSs are produced by stellar
collision, however, the observed spatial distribution of these young sequence stars
is even more extended than those same luminosity RGB stars, which thus refutes
these stars’ blue straggler nature.! Similar features were also found in LMC cluster
NGC1806 and SMC cluster NGC411 (see [75]).

The more extended (than RGB stars) nature of these young stars may indicate
an external origin: when clusters orbit with their host galaxy, they may occasionally
collide with some GMCs and accrete gas from them, producing new stars that are
less segregated than the massive primordial population stars. However, because the
observed young populations in those SCs only occupy small mass fractions, addi-

1They are not field stars, neither, because field stars with different ages and metallicities could
not populate SSPs, also their spatial distribution is more concentrated than homogeneous field, see
[278].
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tional numerical simulations are required to further study the implications of these
observations.

7.4 Epilogue

It has been confirmed that almost all GCs have MSPs with different significances,
evidence have accumulated for YMCs and intermediate-age SCs as well. However,
how to produce MSPs in a SCs is still an open question, which relates our under-
standing of star formation and evolution. To shed light on this topic, an important
point is to find out the key parameter that would determine the stellar populations
in SC. Two possible parameters may be the cluster’s mass or age. If the former is
the determinant of MSPs in SCs, then it may imply that the GCs may have different
origin to current observed young SCs, or at least their initial mass are much massive
than that for current YMCs, which forces people to solve the “mass-budget problem”
[119]. On the other hand, if there is a distinct age boundary to divide SCs into two
different types (with or without MSPs), then it would strongly indicate when SCs
evolve to a given stage, some unknown physical mechanisms would make their stel-
lar populations diverse, as introduced, such mechanisms may include stellar rotation
and binary merger.

In this book, I investigate the stellar population properties of seven SCs with
ages spanning from extremely young (~25 Myr) via intermediate ages (~1-2 Gyr)
to the cosmic age (>10 Gyr). All sample clusters exhibit features in the diagnos-
tic CMD which make them significantly different from SSPs. We found for the
extremely YMCs, NGC1805 and NGC1818, that even though they can still be very
well described by the SSP model, evidence of frequent interactions involving binary
stars has already become apparent. In the CMDs of intermediate-age sample clusters,
NGC1651,NGC411, and NGC419, complex eMSTO regions appear, indicating that
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their initial star-forming processes may have lasted in several million years. This
would dramatically change our traditional understanding of SC formation scenar-
ios. However, upon careful analysis of the SGB morphology for these 1-2 Gyr-old
clusters, to our surprise we found that the SSP origin might still apply. We inter-
pret the observed eMSTO as evidence of the presence of a population of rapidly
rotating stars in the cluster. In extremely old GCs, Hodge 11 and 47 Tucanae, we
confirm the existence of rejuvenated and secondary stellar populations. Their spatial
distributions indicate that their more recent formation mechanism would have been
more centrally concentrated rather than homogeneously distributed. We also found a
dramatically rejuvenated stellar population in the form of BSSs in Hodge 11, which
can be split into subpopulations that may have formed through different formation
channels, depending on the local stellar density. Our analysis has revealed the stellar
population distribution in SCs of different ages, as well as their formation processes.

It is important to study the stellar composition in young SCs, as they are usually
dynamically young, compare to GCs, the young SCs’ current mass are more close to
their initial mass. Currently only three young SCs, NGC1755 [113], NGC1850 [63]
and NGC1856 [62] have been confirmed to have multiple sequences in their CMDs,
but their masses are very different, where NGC1755 only has a total mass of 10*°
Mg [279], while NGC1856 is as massive as 1050 Mg [157]. This may indicate that
mass is not the parameter that determines the MSPs in SCs. Although a large sample
of young SCs are required in the future,? obviously we are on the right track now.

If age were finally determined as the key parameter that lead to the observed MSPs
in SCs, then it would push us to reevaluate the importance of stellar dynamics for
their evolution. If the scenario that using F-type binary stars to generate the MSPs
[127] is promising, then possibly we have found “the last tangram”: when a SC
forms, it is initially 4-5 massive than its current mass, containing a large fraction
of binaries. These binaries would be quickly disrupt and segregate into the cluster
core, accelerating the dynamical evolution of the SC. In the cluster core, the surviving
binaries would almost all be hard binaries. They would evolve to be closer interacting
binaries, and eventually coalesce to BSSs, which has already been observed in some
intermediate-age SCs and most GCs. The resulting fast rotating BSSs may mimic
their surface abundances like they are the second stellar population stars. The time-
scale for binaries to evolve to the mass transfer stage may be 2—10 Gyr (the typical
life time of F-type stars), hence for SCs younger than 2 Gyr, no significant feature of
MSPs appears. That is why the intermediate-age SCs show no evidence of abundance
spreads, and their eMSTOs seem to have been caused by other dynamical scenarios
(e.g., stellar fast rotation) instead of MSPs.

This scenario actually suggests that the potential dynamics that would affect the
stellar evolution is the self-rotation, this is also consistent with scenarios that aim to
explain the eMSTO problem in intermediate-age SCs. How can we shed light on this
topic in the future? A promising project is to use spectroscopy to further investigate
the eMSTO stars’ rotating rate. The principle is: stellar self rotation would broaden

2with U band photometric data involved.
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some of their absorption lines in their spectrum, which would help us estimating
their self-rotating velocity.

Observing the stellar populations in a extremely young (<10 Myr, close to the
gas expulsion timescale) and massive (>10° My) SC is also a creditable project.
Currently only SCs in the MW and Magellanic Clouds have been deeply resolved to
individual stars, which enables us to study their stellar populations in photometric
way. However, some more massive SCs may exist in other distant starburst galaxies
(galaxies undergoing an exceptionally high rate of star formation), e.g., [?] found
five possible supermassive cluster candidates in galaxy M82, the mass of one of
these “clusters” (M82-A1) are estimated reach to 1.3f8:i x 109 Mg, while its age is
determined as only 6.4 4= 0.5 Myr. If it is really an individual YMCs, then it may be a
good candidate that represent the predecessor of GCs. It is much younger than most
of the YMC:s that observed in the LMC (~30 Myr) and it is also extremely massive.
Can we investigate the stellar populations in such an extremely young and massive
SC? Our current facilities are reluctant to resolve its member stars, but probably our
next generation telescopes can. If we can directly observe the stellar populations in
such a extremely young and massive SC, it would significantly help us gain a better
understanding of the origin of stellar populations in SCs.
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